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Abstract: 
Recent data suggest that there may be distinct processing streams emanating from auditory 
cortical layer 5 and layer 6 that influence the auditory midbrain. To examine the functional 
properties of neurons in these two layers that project to the midbrain, we performed three sets 
of experiments. First, to determine whether these projections have different physiological 
properties, we injected rhodamine-tagged latex tracer beads into the inferior colliculus (IC) of 
>30 day old mice to label these corticofugal cells. Whole-cell recordings were performed on 62 
labeled cells to determine their basic electrophysiological properties and cells were filled with 
biocytin to determine their morphological characteristics. We observed that layer 5 auditory 
corticocollicular cells have prominent Ih-mediated sag and rebound currents, generate calcium-
dependent rhythmic bursts, and have relatively sluggish time constants. In contrast, layer 6 
auditory corticocollicular cells are non-bursting, do not demonstrate sag or rebound currents, 
and have short time constants. Quantitative (Sholl) analysis of morphology showed that layer 6 
cells are smaller, have a horizontal orientation, and have very long dendrites (> 500μm) that 
branch profusely both near the soma and distally near the pia. Layer 5 corticocollicular cells are 
large pyramidal cells with a long apical dendrite with most of the branching near the pial surface. 
The marked differences in physiological properties and dendritic arborization between neurons 
in layer 5 and layer 6 make it likely that each type plays a distinct role in controlling auditory 
information processing in the midbrain.   
Very little is currently known about the nature of the inputs from the rest of the auditory cortex 
onto these cells. Therefore, our second set of experiments was designed to investigate these 
local inputs. To do this, we utilized laser photo-uncaging of glutamate to stimulate the cells that 
synapse onto the layer 5 and layer 6 corticocollicular cells in brain slices taken from adult mice. 
Pre-identified cells were recorded in a whole cell patch configuration then stimulated with a 
larger grid covering the area from the white matter to the pia. To isolate synaptic responses, in 
this preparation, we used a low calcium artificial cerebral spinal fluid method which uses a 
physiological method of parsing out synaptic versus direct stimulation. We contrast this method 
with the more commonly used time window method. In identified layer 5 and layer 6 
corticocollicular recordings, cells show spatial differences in their respective input maps. Layer 5 
corticocollicular neurons were shown to receive inputs coming from various layers compared to 
layer 6 corticocollicular neurons which almost exclusively receives input from layer 6. Combined 
with our first set of studies, which showed that layer 5 and layer 6 corticocollicular neurons have 
different electrophysiological properties, the current data suggest that neurons in these two 
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layers play different roles in modifying ascending information at the IC. These differences may 
explain the varied results seen in the inferior colliculus during in vivo stimulation of the auditory 
cortex.  
In sensory cortices, layer 4 is generally considered to be the primary thalamorecipient layer. 
Recent data, however, have shown that other layers receive thalamic input. With many of the 
direct inputs of these thalamocortical collaterals onto inhibitory interneurons. Therefore, in our 
third set of studies, to investigate these inputs, we used a laser to stimulate thalamocortical 
axons which have been labeled with channelrhodopsin. Pre-identified corticocollicular cells were 
recorded in a whole cell patch configuration then stimulated with a larger grid covering the area 
from the white matter to the pia. We compared the excitatory and inhibitory input from the 
thalamus in both layer 5 and layer 6 corticocollicular neurons. We found that similar to previous 
results, layer 5 corticocollicular neurons received more input in general than layer 6. However, 
interestingly, there are both layer 5 and layer 6 corticocollicular neurons that receive 
considerable thalamic inputs compared to those assessed with glutamate uncaging. It is likely 
that the coordinated stimulation of these afferents cause spatial summation of input compared 
to the very focal nature inherent to the methods in glutamate uncaging.  
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CHAPTER 1: BACKGROUND AND INTRODUCTION 
We live in a world that is rife with complex sensory inputs. These inputs must be appropriately 
selected and processed to adapt to rapidly changing stimuli. The peripheral sensory organs can 
provide early refinement of the input, but substantial modulation, salience, prediction and the 
provision of context, is likely the product of higher order centers in the brain (Rosenquist and 
Palmer, 1971; Murphy and Sillito, 1987; Sheinberg and Zelinsky, 1993; Zhang et al., 1997; Yan et 
al., 2005; Bajo et al., 2010; Bajo and King, 2012; Stebbings et al., 2014; Malmierca et al., 2015; 
Terreros and Delano, 2015). As such, there are two major streams of interacting information 
that allow us to appropriately receive, process, and interpret information. The ascending 
stream takes information from the peripheral sensory organ of interest to various centers in the 
brain, and eventually routes information to the cortex. The second stream of information, the 
descending one, emanates from cortex, and progresses down the auditory system pathways 
back to the sensory organ (Figure 1.1). These descending projections help shape incoming input 
(Polley et al., 2006; Nakamoto et al., 2008; Nodal et al., 2008; Bajo et al., 2010; Nodal et al., 
2010; King et al., 2011) helping the brain to make sense of the complex stimuli we receive from 
the world around us (Miller et al., 1951; Anderson and Malmierca, 2013; Malmierca et al., 
2015). 
Salience, provided by the input from these modulatory pathways, is important for the 
processing of noisy information. Prediction, or the ability to anticipate the next set of incoming 
signals, also improves the ability to correctly interpret incoming sounds, particularly when 
listening for commonly formed strings of words. Human studies have indicated that the 
descending system plays a role in the processing of complex inputs (Perrot et al., 2006). It is 
also possible that this pathway helps mediate attentional control of the processing of incoming 
auditory information (Rinne et al., 2008). This may be how we process inputs in suboptimal 
conditions as we are still able to ‘fill in’ the deficits in the sensory input, given appropriate 
contextual clues (Miller et al., 1951). This study more than half a century old highlights a gap 
that still exists in our understanding of information which is slowly being filled with further 
experimentation in the descending auditory system. The descending cortical projections are 
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likely crucial for this processing and contextualizing information. As sensory stimuli are 
embedded in a noisy environment, cortical processing takes a major role in allowing 
comprehension of these stimuli. The cortex also helps compensate for dysfunction in peripheral 
structures, utilizing prediction and contextual clues to help fill in for missing information. This 
compensation is highlighted in hearing loss studies which assess the ability to compensate for 
peripheral dysfunction. One of the most common cases of peripheral hearing loss is  aging, 
affecting almost half of the population by the time they reach 80 years of age (Roth et al., 
2011). With age related hearing loss (also known as presbycusis), it has been shown that 
subjects are able to overcome a peripheral hearing deficit to maintain information flow, but 
with increased cognitive effort (McCoy et al., 2005). This finding is in line with earlier work 
showing that subjects with presbycusis rely heavily on contextual clues to overcome hearing 
deficits (Sommers and Danielson, 1999). The descending system likely plays a large role in 
aiding comprehension when the periphery is no longer faithful to external stimuli (for review 
(Lesicko and Llano, 2016). As such, it is anticipated that with a better and more clear 
understanding of the corticofugal system, and in particular the corticocollicular projection, we 
will be able to better understand and treat those with peripheral hearing loss.  
To understand how the cortex can impact the processing of auditory information in earlier 
auditory centers like the inferior colliculus (IC), we need to understand the underlying anatomy 
and physiology of the circuits required for sensory processing. We begin to understand our own 
ability to process complex information by using model systems to dissect the components we 
believe are important in human sensory perception. The information gleaned from these model 
systems will inform the necessary components of the auditory system to align with what is 
known in the human studies. Anatomical, physiological, and behavioral studies aim at 
understanding the various components of the auditory system. It is through more in depth 
studies of each of these parts we are able to elucidate how they build upon each other to 
process the outside world. The better we understand the form, the anatomy, the more we are 
able to probe the function, the circuitry, which underlies it. Further understanding of the 
circuitry guides behavioral experiments and the physiology that gives rise to these behaviors.  
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 In the auditory system, sound pressure waves are converted to electrical signals by hair cells in 
the cochlea. These electrical signals are processed and relayed through converging and 
diverging pathways (Figure 1.1). In each of these steps, the information is relayed with 
relatively high temporal fidelity. Electrophysiological recording in these lower structures show 
dense coding of incoming information with spike trains that more faithfully reflect the inputs 
compared with higher structures, starting with the IC. As information passes through each of 
the following structures: the IC, the medial geniculate body (MGB), and finally the auditory 
cortex (AC); the signals become more sparsely coded, with the individual neuronal responses 
being less directly representative of a given input (Galazyuk and Feng, 1997; Llano and Feng, 
1999; He and Hu, 2002; Bizley et al., 2007; King et al., 2007). The cortical neurons that receive 
this information send projections to a vast array of other brain centers (Kasper et al., 1994; 
Schofield and Coomes, 2005; Hattox and Nelson, 2007; Schofield, 2010; Malmierca and Ryugo, 
2011). It is in these mid- and forebrain structures that much of the filtering and gating of 
information, modulation of neuronal responses, and distribution of information occurs (Ehret 
and Merzenich, 1988; Kasper et al., 1994; Kilgard and Merzenich, 1999; Casseday et al., 2002; 
Sherman and Guillery, 2002). The auditory system is unique in the sheer number of subcortical 
structures processing the sensory information before it reaches the cortex (Malmierca and 
Hackett, 2010).  
Anatomical exploration and understanding of these connective pathways has expanded as 
methodologies have improved. Though the early techniques used were crude the corticofugal 
system was first described in the late 19th century, , providing little more than gross 
connectional information (Held, 1891). With the advent of using silver to impregnate 
degenerating axons, we were able to further refine the location and extent of neuronal 
connections. It is with this technique, and shortly thereafter the use of horseradish peroxidase 
(Snow et al., 1976; Mesulam, 1982), that there is an upturn in the number of studies which 
begin a more refined effort assessing the extent and nature of the descending projections. 
When these studies are paired with electrophysiology, we are not only able to assess the 
structure of the brain, but begin to understand the functional significance of these projections.  
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While all sensory systems have descending projections from the cortex (Kawamura et al., 1974; 
Andersen et al., 1980; Levesque et al., 1996; Illig, 2011), both the auditory and visual systems 
have a series of ascending and descending projections with midbrain, thalamic, and cortical 
nuclei that are highly interconnected. In both of these systems, there is a lemniscal pathway 
that reflects the organization of the sensory organ which is preserved from the midbrain to the 
cortex. In the auditory system this is the tonotopic mapping of low to high frequency sounds 
that shows a laminar mapping in lower brain centers and the midbrain (Stiebler and Ehret, 
1985; Kandler et al., 2009), and on through the thalamus and auditory cortex (Stiebler et al., 
1997). In the visual system, there is similar organization with a retinotopic arrangement of the 
midbrain, thalamus, and visual cortex (Lane et al., 1973; Sherman and Spear, 1982; Hofbauer 
and Dräger, 1985; Harting et al., 1991; Alonso et al., 2001; Li et al., 2007). As such, there is an 
aligned system that encodes an array of information in a region specific manner, the visual 
system being retinotopic and the auditory system being tonotopic. In both of these systems 
there are extensive descending projections that follow this lemniscal system as well as 
projections that fall outside of the regionotopic centers in the midbrain (Barris et al., 1935; 
Altman, 1962; Meikle and Sprague, 1964; Kawamura et al., 1974; Beyerl, 1978; Faye-Lund, 
1985; Games and Winer, 1988; Hübener and Bolz, 1988; Harvey and Worthington, 1990; 
Hübener et al., 1990; Herbert et al., 1991; Saldana et al., 1996; Winer et al., 1998; Budinger et 
al., 2000; Winer et al., 2002; Bajo et al., 2007; Lim and Anderson, 2007) and thalamus 
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(Kawamura et al., 1974; Deschênes et al., 1994; Ojima, 1994; Bourassa et al., 1995; Bartlett and 
Figure 1.1 
Schematic of the auditory system.  
Starting in the cochlea, sound information ascends the various auditory nuclei eventually 
reaching the cortex after being filtered and relayed through the auditory thalamus (MGB). The 
corticofugal auditory system projects to lower brain structures including the MGB, IC, superior 
olivary complex, and the dorsal cochlear nucleus.  
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Smith, 1999; Winer et al., 1999; Lee et al., 2004; Van Horn and Sherman, 2004). 
Establishing anatomical connections is only part of the information required to understand the 
phenomenon of sensory perception, and is a useful guide for further physiological 
experimentation. It has also been observed in vivo that cortical electrical stimulation can 
produce a variety of effects on the collicular cells they project to. The most common effect of 
cortical electrical stimulation, while recording in the colliculus are excitation, a mix of excitation 
and inhibition; also seen in a minority of cases were pure inhibition, or no effect as measured 
by a change in spike rate or a lack of post synaptic potential. In both the auditory and visual 
systems early studies did not distinguish the best response profile of the location of the 
electrical stimulation and it is likely this reason that there is not wide agreement between them 
(Amato et al., 1969; McIlwain and Fields, 1970; Mitani et al., 1983; Syka and Popelář, 1984).  
Intracellular recording in the IC has shown that descending inputs can cause a range of effects: 
depolarizing current, hyperpolarizing current, or a mixture of both (Mitani et al., 1983). It is 
likely that the inhibitory effect are from local circuitry (Amato et al., 1969; Saldana et al., 1996; 
Bajo and Moore, 2005) with longer latencies compared to the excitation from the cortex 
(Mitani et al., 1983). More recent work attempted to correlate the area of the cortex that is 
stimulated with the area of the colliculus being recorded from. Along with electrical stimulation 
of unidentified areas, the opposite schema, silencing of the corticocollicular projection, 
provided some early insights into its function. It is of note that this methodology suffers similar 
problems to the early electrical stimulation studies in that large swaths of the cortex are 
silenced, and as such much of the fine scale manipulation, evident from later studies, is lost. 
Both the auditory and visual cortices have a dense projection to their respective midbrain 
target. To begin to understand the physiological impact of this pathway a number of 
experiments use lesioning, cooling, or pharmacological methods to remove cortical input. In 
each of these cases researchers have performed electrophysiological recordings in collicular 
neurons and either compared them to the contralateral side, pre-intervention, or untreated 
animals. Recordings in the superior colliculus (SC) show that many light responsive neurons are 
selective for movement and that in many cases these responses are directionally selective 
showing more complex responses than retinal ganglion cells. Similarly, sound responsive 
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neurons in the IC also have peak responses to certain frequencies (Zhang et al., 1997; Ma and 
Suga, 2001; Yan et al., 2005), minimum threshold (Yan and Ehret, 2002; Zhou and Jen, 2007), 
directions (Jen et al., 1998; Zhou and Jen, 2007; Nodal et al., 2010), and durations (Casseday et 
al., 1994; Ehrlich et al., 1997; Ma and Suga, 2001). What part of these responses is intrinsic to 
the midbrain, and what part is due to descending control? 
Many of the earliest studies use non-reversible methods to silence the effect of the cortex on 
the midbrain, opting to lesion cortical areas. In one set of studies looking at the responsiveness 
of cat collicular neurons to direction selectivity, investigators found that many SC neurons no 
longer responded with the same directional selectivity, responding equally to movement in any 
direction (Wickelgren and Sterling, 1969b, a; Rizzolatti et al., 1970; Rosenquist and Palmer, 
1971). These studies show evidence that some of the more complex feature recognition in the 
visual midbrain is lost with the removal of cortical inputs. In many respects the auditory 
midbrain shows great similarity to that of the visual system. In one set of studies, silencing of 
the cortex with TTX showed changes in the response timing, amplitude (Nwabueze-Ogbo et al., 
2002; Popelář et al., 2003), and duration in IC neurons, compared to before and after washout 
of the application. Response discrimination of complex sounds is also ablated with cortical 
inactivation, indicating that animals are less able to differentiate between competing signals 
without cortical input (Nakamoto et al., 2010). Another early seminal study using focal 
inactivation with lidocaine, a local anesthetic, showed both a decrease in responsiveness with 
matched inactivation, and a change in tuning with frequency with unmatched inactivation 
(Zhang et al., 1997).  
It is with some of these early studies that the importance of matching cortical and subcortical 
areas becomes apparent. As additional studies show both anatomical and physiological 
segregation of these descending inputs (Andersen et al., 1980; Herbert et al., 1991; Lee et al., 
2004; Kandler et al., 2009), experiments with localized, and often in identified areas, cortical 
manipulation shed further light on the importance and nature of this descending pathway. Early 
studies in bats have shown that the location of cortical stimulation plays a major role in the 
effect seen in the colliculus. When the stimulation in the cortex is close to but not matching the 
best frequency of the collicular neurons, the collicular will shift its tuning toward the frequency 
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stimulated in the cortex (Zhang and Suga, 2000). For example if the collicular neuron in 
question is tuned to 10kHz and the 8kHz region of the cortex is stimulated, the collicular neuron 
will begin to respond more robustly to tones closer to 8kHz and less to 10kHz tones (Figure 1.2). 
Similar shifts have been found for duration (Ma and Suga, 2001) and tuning of collicular 
neurons, such that they respond more closely to the area of the cortex that was stimulated 
(Figure 1.2).  
y 
Figure 1.2 
Electrical stimulation of the AC (A) produces an “egocentric” shift of IC neurons (B). This shift of their 
tuning will usually be closer to that of the stimulated cortex increasing the overall representation of 
the stimulus feature due to the number of inferior collicular neurons responding to a given 
frequency. 
(Bajo and King, 2012) 
9 
 
It seemed that with these studies an easy general rule was beginning to emerge in the role that 
the cortex plays in shaping the frequency responses of the colliculus. However, a later study 
then found that not only does the region of cortical stimulation play a role, the individual 
properties of the neuron in the IC plays a large role (Yan et al., 2005). Neurons in the IC have a 
variety of responses to intensity and frequency of sound that are not always linear with respect 
to sound amplitudes. Note class III IC neurons (Figure1.3). 
 
Figure 1.3 
Examples of frequency tuning curves before (•) and after (○) corƟcal sƟmulaƟon. CorƟcal acƟvaƟon 
shifted collicular best frequencies and frequency tuning curves toward cortical best frequencies 
when not aligned. Also, in a number of circumstances, the minimum thresholds of collicular neurons 
changed to more closely match those of the stimulated cortical neurons. The shapes of collicular 
tuning curves were clearly changed, particularly when large shifts in best frequency and/or minimum 
threshold occurred. 
(Yan et al., 2005) 
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Interestingly, thalamic stimulation can also cause similar shifts in tuning including best 
frequency, intensity, as well as breadth of responses, which is mediated through the cortex (Wu 
and Yan, 2007). In this study, the experimenters performed recordings in both thalamic and 
collicular areas and then focally stimulated thalamic regions where the thalamic and collicular 
neurons had similar but not quite overlapping properties. In a number of cases, neurons in the 
colliculus changed their response properties to more closely resemble the neurons stimulated 
in the thalamus. This shift in response properties, to align more closely with the thalamic area 
that was stimulated, was eliminated when the cortex was silenced using 1mg/mL of muscimol, 
a potent GABAA agonist. These results give rise to the possibility that changes in relevance of 
ascending information as reflected by thalamic and cortical responses, can then shape how 
neurons in lower brain centers such as the IC respond to later incoming auditory stimuli.  
Lastly there is a growing body of behavioral studies both looking at how the behavioral 
relevance modulated through this descending system can change collicular responses, as well 
as the behavioral outputs of the corticocollicular projection. The first glimpses of how external 
stimuli can shape the responses of collicular responses was an experiment where two 
competing visual stimuli were presented. In this experiment, SC cells had inhibited responses 
when presented with a second stimulus moving along the same area compared to a single 
stimulus (Rizzolatti et al., 1973). This inhibition is likely a product of cortical modulation. As 
previous studies have shown without cortical input collicular neurons no longer respond with 
directional selectivity (Wickelgren and Sterling, 1969b, a; Rizzolatti et al., 1970), whereas these 
neurons still respond to directional movement though are inhibited with the appearance of the 
second stimulus. Later studies in the bat auditory cortex used a paired stimulus paradigm to 
give behavioral relevance to certain tones causing a shift in best frequency toward that of the 
conditioned stimulus (Gao and Suga, 2000). In this study, the researchers found the best 
frequency of collicular neurons, played a tone with a lower frequency than best frequency of 
the collicular neuron, and paired it with an electrical shock. After a period of time the best 
frequency of the recorded neuron shifted to a lower frequency between the best frequency at 
the start of the experiment and the tone paired with the shock. This shift in frequency was 
ablated when the somatosensory cortex was silenced, indicating that inputs for the cortex 
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where the behavioral salience was provided, was necessary for the shift. While conditioned 
stimulus pairing can shift the tuning of collicular neurons, there remains a question as to 
whether this is the normal process that collicular neurons will undergo during more natural 
learning. A more recent study has attempted to answer this question by assessing the ability of 
the colliculus to adapt to impairment of the animal’s ability to localize auditory cues (Bajo et al., 
2010). Bajo and colleagues discovered that the corticocollicular pathway was not necessary for 
sound localization, but it was necessary to relearn the ability when there is an impairment of 
the sensory cues utilized for localization. When ferrets were trained to localize a sound, 
destruction of the corticocollicular projecting neurons did not change the ferret’s ability to 
locate sounds. Fascinatingly, they found that when the contralateral ear to the corticocollicular 
lesion was plugged, the ferret had a more difficult time localizing sounds in comparison to the 
control group, which had a plugged ear and no corticocollicular lesions. Moreover the ferrets 
that had a lesion were not able to relearn the task as well their control counterparts. This 
inability to learn a new task gives weight to the notion that restructuring of the colliculus to 
adapt to an impaired input, particularly with behavioral relevance, is a product of the 
descending corticocollicular projections.   
These studies begin to show the role of the cortex in shaping incoming information. The cortex 
allows for the midbrain to respond to more complex stimuli, as well as providing a substrate for 
modifying the exact parameters that individual neurons will respond to. Lastly, these cortical 
projections allow the colliculus to adapt to a noisy stimulus. As such, the descending projections 
are an integral part of shaping of ascending information. However, despite the large number of 
studies looking at this projection, little is known about the biophysical properties of these 
neurons or the inputs they receive. Until recently, there were technical limitations preventing 
characterization of the specific cellular properties and broad scale examination of the input to 
these cells.  
Layer 5 and layer 6 are the main sources of long range output from the cortex. These two layers 
send projections to distant parts of the brain as well as the thalamus and colliculus. There have 
been anatomical tract tracing using retrograde tracers to define the targets of these cells. Along 
with these anatomical experiments, a number of studies have recorded from layer 5 and 6 
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neurons in sensory cortex, identifying a number of subtypes within each layer. These studies 
have begun to elucidate the nature of these layer 5 and 6 neurons. In general, layer 5 excitatory 
neurons are large pyramidal neurons. They can be broken down into a number of subsets based 
on their morphology, physiology, and projection location. Morphologically layer 5 consists of 
two main categories of large pyramidal cell, large tufted, and more slender non-tufted. Both 
categories have extensive dendritic branching proximal to the soma. It is at the apical dendrite 
where these two categories differentiate themselves. Large tufted pyramidal neurons have a 
thick apical dendrite that extends toward the pia and large arborizations extending into layer 1. 
The more slender non-tufted pyramidal neurons, still have an apical dendrite, though thinner, 
which extends to layer 2/3 with minimal arborizations (Chagnac-Amitai et al., 1990).  
Interestingly, these morphological differences have correlated with distinct physiological 
features. The large tufted, thick apical dendrite, layer 5 pyramidal cells have been associated 
with intrinsic bursting (Chagnac-Amitai et al., 1990). Intrinsic bursting (IB) cells fire multiple 
action potentials within a short period of time followed by a period of quiescence. In these 
cells, there is a calcium mediated current which underlies this phenomenon, and when 
eliminated these cells no longer fire action potentials in bursts (Friedman and Gutnick, 1989; 
Friedman et al., 1992; Franceschetti et al., 1995). Along with bursting, these cells show a sag 
and rebound current associated with a non-selective cation inward rectifying current (Kasper et 
al., 1994). The more slender, non-tufted pyramidal neurons, have been shown to be regular 
spiking neurons (Chagnac-Amitai et al., 1990). These cells do not have the calcium mediated 
current, nor do they have as large a sag and rebound current (Kasper et al., 1994).  
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Figure 1.4 
Examples of the morphology and spiking properties of intrinsic bursting (IB) and regular spiking (RS) 
layer 5 auditory cortical neurons. (Hefti and Smith, 2000) 
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These two different morphological and electrophysiological types have been correlated with 
different targets of their axonal projections. The two major targets of layer 5 neurons are 
contralateral cortex and subcortical structures. The contralateral cortex mainly receives 
projections form the thin apical dendrite, non-tufted, layer 5 neurons which do not burst. 
Lower brain centers including the colliculus, spinal cord, and basal pons, are innervated by the 
intrinsically bursting, tufted layer 5 neurons (Kasper et al., 1994; Molnár and Cheung, 2006). 
While neurons in layer 6 of the cortex have been given similar attention in the characterization 
of the morphology and electrophysiology as layer 5 (Thomson, 2010), the neurons that project 
to the colliculus are a likely different subset than has been oft studied as they reside much 
closer to the white matter at the base of layer 6 (Coomes et al., 2005; Schofield, 2009). 
Although these neurons have been documented across a number of different species (Games 
and Winer, 1988; Künzle, 1995; Bajo and Moore, 2005; Coomes et al., 2005; Bajo et al., 2007; 
Schofield, 2009), there are very little data concerning these neurons. Recent studies have used 
sensitive retrograde tracers demonstrating a band of neurons in lower layer 6 that project to 
the IC. Many of these neurons are not pyramidal in shape (Figure 1.5 D) further indicating that 
these are different than most previously characterized layer 6 cortical neurons (Coomes et al., 
2005; Schofield, 2009),  
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Figure 1.5 
Photomicrographs showing results of a large injection of Fast Blue into the right IC.  
(A) Injection site of Fast Blue into the IC. ICc, ICd and ICx — central nucleus, dorsal cortex and 
external cortex of the IC; SC, superior colliculus. Scale bar=1 mm. (B) Low magnification image 
showing FB-labeled cells in ipsilateral temporal cortex. Scale bar=50μm. Transverse section; cortical 
surface (lateral) is up. Labeled boxes are shown at higher magnification in C and D. (C, D) High 
magnification images showing FB-labeled cells in layers V (C) and VI (D). Note the non-pyramidal 
shape of the labeled neurons in (D) as well as their location close to the white matter. Scale 
bar=10μm for both. (Schofield, 2009) 
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“An obvious next step is to determine the local circuit organization of pyramidal neurons 
identified not only by the precise position of the soma along the radial axis but by other 
parameters that allow their unambiguous identification as a class” (Yu et al., 2008). This 
identification of neurons prior to characterization of local circuits has been addressed in one 
study, the auditory corticothalamic system (Llano and Sherman, 2009). It is this study that has 
guided much of the work addressed in later chapters. Llano and Sherman used a combination of 
retrograde labeling, single cell recording, and glutamate uncaging via laser photostimulation to 
assess the biophysical and local circuitry properties of layer 5 and layer 6 corticothalamic 
neurons.  
Figure 1.6  
Example of microscope setup diagram. 
A setup enabling visualization of labeled cells, as well as laser based stimulation of either MNI-
glutamate or channelrhodopsin-2 while performing single cell recordings. Adapted from (Theyel et 
al., 2011) 
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The use of glutamate uncaging via laser photostimulation has allowed a more nuanced and in 
depth analysis of the circuitry and inputs in various parts of the brain, particularly in the sensory 
cortices. Before the development of glutamate uncaging, there were two main methods used 
to probe the inputs to a given neuron. The oldest and most commonly used method is electrical 
stimulation. Electrical stimulation of neurons and axonal innervations has allowed for the broad 
understanding of different major projections. This method however requires placement of an 
electrical source into an area of a brain slice and then one can record from a neuron, looking at 
the input from the stimulation area. The use of various drugs to block various receptors and 
careful tailoring of current input is then required to ensure there are synaptic inputs. However, 
even with these manipulations, electrical stimulation will capture fibers of passage as well as 
causing both anti- and orthodromic stimulation of neurons sending projections through the 
area stimulated, limiting the quality of information about impact of the proximal versus distal 
circuitry. The second method is focal application of a neurotransmitter using a micropipette 
coupled to a pressurized injection system, most commonly glutamate. Again as with electrical 
stimulation, careful calibration of stimulation parameters can provide a very local stimulation. 
Since this method requires a physical injection of the neurotransmitter, there is a significant 
drawback in terms of determining the extent of the local circuitry: only one stimulation point is 
easily obtainable per recorded cell, and as such both of these methods are essentially unable to 
perform two dimensional mapping of a given neuron (Varela et al., 2012).  
Caged compounds are a class of chemicals where a “protective” subgroup is added to a 
functional chemical to render it incapable of reacting. In particular, photoreactive caged 
compounds allow for precise control of the release of the caged compound (McCray and 
Trentham, 1989). These compounds have found a wide variety of uses, where localization is a 
key component of the utility. The development of caged neurotransmitters (Wilcox et al., 1990) 
has allowed for utilization of this powerful tool for understanding local circuitry without the 
previous drawbacks limiting the points of stimulation. The introduction of glutamate uncaging 
has allowed for wide scale computer controlled mapping of inputs, driven by glutamate, that 
was previously unobtainable (Callaway and Katz, 1993). In the current studies, we use this 
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method (see Figure 1.6 for example experimental configuration) to characterize the local 
cortical inputs to the corticocollicular system, attempting to shed some light on the circuitry 
that is crucial and responsible for shaping ascending inputs. 
The work done by Llano and Sherman (Llano and Sherman, 2009) has done much to inform 
future studies of local circuitry and is particularly relevant when addressing the auditory 
corticocollicular system. Both the electrophysiological findings and the methodologies used to 
probe the auditory corticothalamic projection are instrumental in guiding the hypotheses to be 
tested allowing for a better understanding of the corticocollicular projection. Similar to the 
corticocollicular projection, the corticothalamic projection is comprised of excitatory neurons 
that reside in layers 5 and 6. Using retrograde tracer injections, the authors were able to record 
from pre-identified layer 5 and layer 6 neurons. Using single cell electrophysiological recordings 
the biophysical properties of the corticothalamic neurons were assessed. Following this, 
glutamate uncaging via laser photostimulation (Figure 1.6) was used to probe the local cortical 
inputs to layer 5 and 6 corticothalamic neurons. Layer 5 corticothalamic neurons were found to 
be both intrinsic bursting neurons and regular spiking neurons, with morphologies similar to 
those found in intrinsic bursting, corticofugal neurons in previous studies (see Figure 1.4) 
(Kasper et al., 1994; Molnár and Cheung, 2006). Some of these have been found to be 
collaterals of long-range corticofugal axons to the colliculus (Deschênes et al., 1994). Using a 
novel technique to preserve the local inputs, it was found that both layer 5 and layer 6 
corticothalamic neurons receive most of their excitatory inputs very local to the soma, as well 
as layer 5 receiving more excitation from outside of its home layer compared to layer 6. Many 
previous studies, which use a time window to discriminate direct cellular current versus 
synaptic currents, rely on a bimodal distribution of recorded inputs designating the early peak 
as direct stimulation and later peak as synaptic (Callaway and Katz, 1993; Shepherd et al., 2003; 
Zarrinpar and Callaway, 2006; Barbour and Callaway, 2008; Hooks et al., 2013). Here Llano and 
Sherman use a low calcium, high magnesium artificial cerebral spinal fluid (aCSF) coupled with 
an NMDA blocker, MK801, to block synaptic transmission. They then used maps obtained in this 
synaptic blockade and subtracted them from maps obtained in normal aCSF to isolate synaptic 
currents, allowing them to retain local information that was lost in the previous studies using 
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the time window method. Another quite interesting finding was that layer 5 corticothalamic 
neurons receive both infragranular and supragranular inhibition, from layer 5 and layer 2/3 
respectively, conflicting with previous reports where intrinsic bursting neurons receive 
significantly less inhibitory input compared to regular spiking neurons (Hefti and Smith, 2000; 
Turner et al., 2005). It is likely that layer 5 corticocollicular neurons will have some similar 
properties to layer 5 corticothalamic neurons. The corticocollicular layer 5 neurons similar to 
the corticothalamic neurons found in layer 5 (Figure 1.5 B and C) are also large pyramidal 
neurons occupying a similar strata as the corticothalamic neurons (Coomes et al., 2005; 
Schofield, 2009). Also as in the visual system, it has been shown that layer 5 corticocollicular 
neurons are intrinsically bursting and have thick apical dendrites with extensive arborizations 
near the pia (Kasper et al., 1994; Molnár and Cheung, 2006). Layer 6 corticocollicular neurons at 
this point remain elusive as to their possible biophysical properties and inputs as they do not 
resemble other more well characterized layer 6 cortical neurons (Coomes et al., 2005; 
Schofield, 2009). 
The canonical model of the cortex (Figure 1.7 A) is that sensory inputs are mainly received by 
layer 4, the principal target of thalamic afferents, from there excitation spreads progressively to 
layer 2/3 onto layer 5 and 6 (Gilbert and Wiesel, 1979; Callaway, 2004; Douglas and Martin, 
2004; Feldmeyer, 2015). While there is extensive arborizations in layer 4, all other layers of the 
cortex receive sparser branching (White, 1978; Frost and Caviness, 1980; Romanski and LeDoux, 
1993; Oberlaender et al., 2012; Smith et al., 2012), though it was previously assumed to be 
modulatory, only causing subthreshold responses (Guillery and Sherman, 2002; Callaway, 2004; 
Viaene et al., 2011). To address the impact of these more sparse arborizations, Constantinople 
and Bruno (Constantinople and Bruno, 2013) performed in vivo whole cell recordings of 
neurons throughout the barrel cortex in a sedated rat. They found that layer 5 and layer 6 
excitatory post synaptic potential (EPSP), as well as spike, latencies in many cases occurred 
before those in layer 2/3. In some cases, they found that layer 5 cells had EPSP and spike 
latencies shorter than those found in layer 4, the canonical thalamorecipient layer. To confirm 
that these EPSPs and spikes were directly driven by the thalamus, they paired intracellular 
recordings in the cortex with juxtacellular recordings in the thalamus and found that almost half 
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of the aligned thick-tufted layer 5 neurons had monosynaptic connections with the thalamus. 
Interestingly, when layer 4 was silenced with lidocaine they found no change in the EPSPs or 
spiking activity in layers 5 and 6, indicating that it is not the arborizations in layer 4 that are 
driving the layer 5 and 6 neurons (Constantinople and Bruno, 2013). While a direct input has 
been observed in other studies, this is the first to show that the thalamus is strongly associated 
with suprathreshold responses in the infragranular layers via a direct input. This seminal work 
supports a different view of thalamic innervation of the cortex, with infragranular layers of the 
cortex receiving both direct thalamic input as well as later input from supragranular cortex as 
per the canonical view (Figure 1.7 B). A major question arises from this work: Does the direct 
projection from the thalamus to layer 5 include the layer 5 corticocollicular cells? Until recently 
there have not been appropriate tools to readily address this, however the use of 
channelrhodopsin has pioneered the mapping of identified long rage inputs to individual 
neuronal populations (Petreanu et al., 2007). 
Deservedly, the discovery and subsequent development of channelrhodopsin has been 
awarded many prizes and described as heralding a new age of discovery in neural connectivity. 
“….these discoveries herald a revolution in the way we investigate the function of the nervous 
system.” (Scanziani and Häusser, 2009) Coupling this technology with genetic specificity and 
viral vectors has allowed for unprecedented control of light guided activation of subpopulations 
of neurons. A modified version of Channelrhododopsin-2 (ChR2), a light-gated cation channel 
found in the unicellular green alga Chlamydomonas reinhardtii, allows for precise small scale 
activations of neurons as well as fibers of passage and presynaptic terminals. This method does 
not require the introduction of endogenous chemicals or mechanical disruption as with 
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glutamate uncaging, focal glutamate application, or electrical stimulation, allowing for the 
assessment of the impact of long range inputs into local circuitry (Cruikshank et al., 2010).   
A recent study has looked at the innervation of the thalamocortical projection into all layers of 
the auditory cortex (Ji et al., 2016). Ji et al first labeled the thalamocortical projection with 
channelrhodopsin using an adeno-associated virus and then performed single cell recordings of 
cortical neurons in each layer of the auditory cortex. They found that all layers had short onset 
latencies that were comparable to that of layer 4. The layer 5 neurons recorded from, are 
similar in morphology to the intrinsic bursting neurons found in layer 5, which project to 
subcortical structures. Again as in previous layer 6 neurons recorded from are not of the same 
Figure 1.7 
Thalamocortical circuit schema. 
A. The canonical serial thalamocortical circuit, where excitatory input from the thalamus is relayed 
from layer 4 to 2/3 to layer 5 and 6, then on to lower structures. (B) A revised bistratified 
thalamocortical input model where information is relayed directly to layer 4 and infragranular layers. 
(Constantinople and Bruno, 2013) 
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strata as the corticocollicular neurons (Coomes et al., 2005; Schofield, 2009). Also, similar to 
previous studies, the neurons recorded from were not pre-identified and as such it is unclear 
whether the corticocollicular projection receives direct input.  
The work presented here will cover the biophysical properties of, the local cortical inputs to, 
and thalamocortical input to pre-identified layer 5 and layer 6 neurons that compromise the 
corticocollicular projection.  Prior to embarking on these studies, we had a number of 
hypotheses as to the nature of the corticocollicular projection, which will be answered in the 
subsequent chapters. We hypothesize that the biophysical properties of layer 5 corticocollicular 
neurons will be similar to layer 5 neurons found in the corticothalamic projection. Similarly, as 
the biophysical properties will align closely, it is likely that the local cortical inputs will also be 
similar with much of the input occurring local to the soma and in the supragranular layers. We 
use a thalamocortical brain slice (Cruikshank et al., 2002; Llano et al., 2014; Slater et al., 2015) 
rather than a coronal brain slice which may give different results as we will capture multiple 
frequency representations as opposed to the coronal orientation which would have a single 
isofrequency band. Given that little is known about layer 6 corticocollicular neurons apart from 
their location and general shape of the soma, much of the work to characterize these neurons 
is exploratory rather than a comparison to previous data, as in the layer 5 corticocollicular 
neurons. Lastly, we will address whether this projection receives thalamocortical input using 
channelrhodopsin injected into the MGB shown previously to robustly activate cortical neurons 
(Cruikshank et al., 2010; Ji et al., 2016). 
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CHAPTER 2: THE ELECTROPHYSIOLOGICAL AND ANATOMICAL CHARACTERISTICS OF LAYER 5 
AND LAYER 6 CORTICOCOLLICULAR NEURONS IN THE MOUSE AUDITORY CORTEX. 
This work has been previously published in Neuroscience (Slater et al., 2013). 
Hypotheses to be tested: 
 Layer 5 and 6 corticocollicular neurons will have different electrophysiological 
properties 
o A subset of layer 5 corticocollicular neurons will have similar properties to layer 5 
corticothalamic neurons 
 Layer 5 and 6 corticocollicular neurons will have different morphologies 
Introduction 
Recent data using sensitive retrograde tracers demonstrate there are at least two distinct 
origins of the corticocollicular pathway – a large pathway from layer 5, and a pathway from a 
spatially separate band in lower layer 6 (Schofield, 2009). This layer 6 projection has been 
observed across multiple species (Games and Winer, 1988; Künzle, 1995; Doucet et al., 2003; 
Bajo and Moore, 2005; Schofield and Coomes, 2005; Schofield, 2009).  It is not currently known 
if these two layers differentially influence the IC. However, based on other cortical descending 
systems, such as the corticothalamic system, differences in the laminar origin of neurons that 
project to the IC are likely to be important for their influence on ascending information. For 
example, layer 5 and layer 6 neurons projecting to the thalamus have different intrinsic 
physiological and morphological properties, receive different local inputs, project to different 
parts of the thalamus and likely have different influences on the thalamus (Llano and Sherman, 
2008; Llano and Sherman, 2009; Theyel et al., 2010). These data have supported the hypothesis 
that layer 6 neurons play largely a modulatory role, whereas layer 5 neurons may drive the 
receptive field properties of higher order parts of the thalamus (Sherman and Guillery, 2002).  
Because of these functional differences, we hypothesized that layer 5 and layer 6 
corticocollicular cells may differ in their intrinsic properties in ways similar to the previously-
observed differences in layer 5 and layer 6 corticothalamic neurons. Specifically, it is known 
that layer 5 corticothalamic neurons, as well as layer 5 corticotectal neurons in other systems, 
31 
 
are large pyramidal cells, with a thick apical dendrite that projects a highly branched tuft into 
layer 1, and demonstrate intrinsic bursting upon somatic depolarization (Schofield et al., 1987; 
Hallman et al., 1988; Wang and McCormick, 1993; Kasper et al., 1994; Llano and Sherman, 
2009). Layer 6 corticofugal cells have only been studied in the corticothalamic system, where 
they are small pyramidal cells with short apical dendrites and regular spiking properties 
(Brumberg et al., 2003; Zarrinpar and Callaway, 2006; Llano and Sherman, 2009). It is notable 
that while layer 5 corticocollicular neurons appear to reside in the same parts of layer 5 as layer 
5 corticothalamic neurons, layer 6 corticocollicular and corticothalamic neurons have non-
overlapping spatial distributions. Layer 6 corticocollicular neurons sit deeper in layer 6 than the 
corticothalamic neurons (some have referred to this as 'layer 7') and therefore may represent a 
unique population of cells.  Therefore, in this study, we examined and compared the 
electrophysiological and morphological properties of identified layer 5 and layer 6 auditory 
corticocollicular cells. This work represents the early steps in a long-term effort to characterize 
the neuronal circuitry of the auditory corticocollicular system 
Methods 
General Preparation and Recording Methods: 
Balb/c (30-60 days of age) male mice were purchased from Harlan Laboratories. Balb/c mice in 
the age ranges used in this study have been shown to have good hearing (Willott et al., 1998), 
and it is known that mice rely on complex sounds for normal behavior (Liu et al., 2003; Holy and 
Guo, 2005).  Mice were anesthetized with ketamine hydrochloride (100mg/kg) and xylazine 
(3mg/kg) and placed in a stereotaxic apparatus, with care to avoid damage to peripheral 
auditory structures. Lidocaine (1%) was injected subcutaneously at incision sites prior to 
surgery to supplement anesthesia. Aseptic conditions were maintained throughout the surgery. 
Response to toe pinch was monitored, and supplements of ketamine/xylazine were 
administered when necessary to maintain anesthetic plane. Injection targets in the IC were 
localized using stereotactic coordinates (1mm posterior to lambda, 1mm lateral to midline, and 
0.5-1mm depth from dorsal surface, Figure 2.1). No attempt was made to localize the injections 
to any of the individual subnuclei of the IC.  Although most corticocollicular projections target 
the dorsal cortex and lateral nucleus of the IC (Games and Winer, 1988; Saldaña et al., 1996), 
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we found that virtually any pressure-based injection into the IC yielded substantial label in the 
AC, likely caused by backfilling of the pipette path (Figure 2.1).  Micropipettes (tip diameter 
10μm) were filled with 10-25nL of rhodamine-tagged polystyrene microspheres (Fluospheres 
F8793, Invitrogen, Carlsbad, CA) or latex microspheres (Lumafluor Retrobeads, Durham, NC) 
and injected into the IC over 5-10 minutes using a Nanoliter 2000 injection system (World 
Figure 2.1 
Tracer injection and visualization of cells.  
(A) Adult mouse placed in a stereotactic apparatus with a pulled glass micropipette filled with 
rhodamine-tagged microspheres and inserted into the inferior colliculus. (B) 4× Image of a 
representative injection site in the dorsal cortex of the IC. Scale bar = 0.5mm. (C) 2.5× Image of 
fluorescent retrograde labeled cells in fixed tissue. (D) 63× Image of a patched layer 5 labeled 
corticocollicular cell. ICc = central nucleus of the IC, ICd = dorsal nucleus of the IC, ICe = external 
nucleus of the IC. 
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Precision Instruments, Sarasota, FL). Animals were allowed to survive for 3-7 days prior to 
sacrifice.  
 
To obtain slices, each animal was deeply anesthetized by intraperitoneal injection of 
pentobarbital (50mg/kg), then transcardially perfused with an ice-cold high-sucrose cutting 
solution (in mM: 206 sucrose, 10.0 MgCl2, 11.0 glucose, 1.25 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 
2.5 KCl, pH 7.4), and quickly removed the brain. The portion of the midbrain containing the 
injection site was removed and saved for re-sectioning. Coronal tissue slices (300μm) were cut 
using a vibrating tissue slicer and transferred to a holding chamber containing oxygenated 
incubation artificial cerebrospinal fluid (aCSF) (in mM: 126 NaCl, 3.0 MgCl2, 10.0 glucose, 1.25 
NaH2PO4, 26 NaHCO3, 1.0 CaCl2, 2.5 KCl, pH 7.4) and incubated at 32°C for 1 hour prior to 
recording.  
Whole-cell recordings were performed using a visualized slice setup outfitted with infrared-
differential interference contrast optics and fluorescence and performed at room temperature 
of 30–34°C (temperature specified with each of the Results). During recordings, tissue was 
bathed in recording aCSF. Corticocollicular neurons were identified by fluorescence optics 
(Figure 2.1 C and D). We used the Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, 
CA) and pClamp software (Molecular Devices, Sunnyvale, CA) for data acquisition (20kHz 
sampling). Tissue containing the injection sites containing the IC were fixed in 4% 
paraformaldehyde in phosphate-buffered saline (PBS) then sectioned at 50µm and mounted.  
Electrophysiology analysis: 
Once a cell was isolated and verified to have a resting membrane potential more negative than 
-40mV, a series of current injections ranging from -200pA to +200pA in 25pA steps were used to 
construct an I/V curve and characterize the cell’s physiological properties.  Input resistance was 
calculated as the slope of the I/V curve, computed automatically using Clampfit software 
(Molecular Devices, Sunnyvale, CA). To compute the sag current, the voltage difference 
between the nadir of a hyperpolarizing trace induced by injecting 200pA of negative current 
and the plateau reached after 100ms of negative current injection was measured. 
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Rebound current was computed by measuring the difference in voltage from the most 
depolarized point just after the negative current injection to the baseline voltage. This was 
converted to a current using input resistance in a similar manner as sag current.  The 
membrane time constant (τ) was computed by fitting a single exponential function to the first 
100ms of the voltage change induced by injection of 200pA negative current.  Curve fitting was 
done in pClamp. Neurons were deemed ‘bursting’ or ‘regular spiking’ based on visual inspection 
as the differences between these cell types tend to be conspicuous. This qualitative approach 
has been used by several groups previously (Connors et al., 1982; Kasper et al., 1994; Hefti and 
Smith, 2000; Llano and Sherman, 2009). Bursting cells typically demonstrate at least 3 fast 
spikes riding on slower rhythmic calcium waves, though occasional 2-spike bursts were seen 
(See Figure 4 B). The depolarizing afterpotential was defined as the difference between the 
voltage minimum immediately after an action potential and the voltage maximum occurring in 
the 10-ms period after this minimum (for an example, see Figure 2.2 A inset).   
Cell morphology: 
After electrophysiology recordings, slices were placed in 4% paraformaldehyde (PFA), and 1% 
glutaraldehyde in p PBS. After a series of washes in PBS, endogenous peroxidases were 
quenched by incubating in 1% H2O2 in PBS for 15 minutes. The tissue was then washed in PBS-
0.5% Triton X-100 to help increase membrane permeability. An avidin-biotin complex (ABC, 
Vector Labs, Burlingame, CA) was used to tag the biocytin overnight at 4oC. Ni-DAB kit was used 
to develop the ABC. Prepared slices were imaged using a Zeiss AxioImager A1 with 2.5x, 5x, 10x, 
20x (oil) and 40x (oil) objectives. Digitized traces were computed via StereoInvestigator 
software along with Neurolucida. Manual tracing began at the soma and all visualized dendrites 
were followed throughout the slice until no longer visible. Reconstructed neuron data were 
then stored and analyzed by Neurolucida Explorer which performed the 2-dimensional Sholl 
analysis with 20µm radii. 
Statistical Analysis: 
The major hypothesis of this study was that layer 5 and layer 6 corticocollicular neurons have 
different roles and, therefore, have different physiological and/or anatomical properties. Given 
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the relatively small numbers of neurons analyzed, nonparametric statistics were used for all 
comparisons. All comparisons were done using Mann-Whitney U-test and correlations with 
Spearman’s rank correlation. Categorical analysis was done with Chi-square test. All 
measurements are given as mean ± standard deviation. Significance was assigned for 
comparisons that met a Holm Bonferroni-corrected α, given the multiple comparisons. 
Results 
The spiking characteristics of neurons in each layer were analyzed. Two types of layer 5 cells 
were observed: regular spiking (Figure 2.2 A) and bursting cells (Figure 2.2 B).  Layer 6 cells did 
not show bursting, but also had two main spiking patterns. Similar to some of the cells in layer 
5, there were a number of regular spiking neurons (25/30, Figure 2.2 C); however, the other cell 
spiking type consisted of a single spike followed by a long depolarizing plateau (5/30, Figure 2.2 
D).  
 
 
Figure 2.2 
Intracellular recordings of layer 5 and layer 6 corticocollicular neurons show a variety of 
spiking patterns. A) Layer 5 regular-spiking neuron. (B) Layer 6 regular-spiking neuron. (C) 
Layer 5 bursting neuron. (D) Layer 6 single-spiking neuron. 
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Layer 5 bursting cells fired discrete bursts of 3-5 action potentials riding on a slower 
depolarization.  These bursts were seen at threshold, and were frequently rhythmic, with 
intraburst frequency increasing with increasing amplitude.  Increasing stimulation strength 
typically transformed the rhythmic bursting pattern to one where there was a single burst 
followed by a train of regular spikes (Figure 2.3 A).  These individual spikes were often followed 
by a depolarizing afterpotential (see Figure 2.3 A inset).  Bursting activity was only seen at 32oC 
(6/14 cells at 32oC). No layer 5 cells (0/18) showed bursting at room temperature, but 5/18 
showed substantial (> 1mV) depolarizing afterpotentials.   
 
 
 
 
Figure 2.3 
Bursting frequency vs. 
stimulus amplitude. 
 (A) Sample traces of a single 
neuron at increasing stimulus 
amplitudes. Spikes truncated 
to focus on subthreshold 
activity. Amplitudes listed to 
the left of the traces 
represent picoamperes above 
threshold. (B) Single 
exponential fit of stimulus 
amplitude vs. intraburst 
frequency. 
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Depolarizing afterpotentials and bursting were eliminated with Ca2+-free aCSF (Mg2+ replacing 
Ca2+), which returned upon washout with normal aCSF (compare Figures 2.4 A, B, and C).  Layer 
5 regular spiking cells fired trains of individual spikes, and did not show evidence for 
depolarizing afterpotential.   
 
Sag currents were measured in response to hyperpolarizing pulses of –200pA. Layer 5 cells had 
a much more prominent sag current, compared with layer 6 (46.4 ± 17.4 pA (SD) vs. 12.0 ± 
17.3pA (SD) , p<0.0001). A number of cells in both layer 5 and layer 6 showed rebound 
depolarization and/or spikes after hyperpolarization. Most layer 5 cells showed a prominent 
rebound depolarization, often producing spikes or bursts (see Figure 2.5 A).   Layer 6 cells 
showed a very small depolarizing rebound compared to layer 5 (43.2 ± 17.5 pA (SD) vs 7.87 ± 
10.2 pA (SD), p<0.0001).  Interestingly, some layer 6 cells showed rebound spikes in the 
absence of a preceding depolarization (Figure 2.5 A bottom).  The magnitude of rebound in 
layer 5 was significantly correlated to the magnitude of the sag current (Spearman’s ρ = 0.636, 
p<0.001, Figure 2.5 C and D) and both were eliminated with the Ih specific blocker, ZD7288 
(Figure 2.5 B).  Blockade of Ih had no effect on rhythmic bursting behavior. 
Figure 2.4 
Layer 5 calcium-dependent burst.  
 (A) Layer 5 bursting neuron with large 
sag and rebound currents. (B) Washout 
with Ca2+-free aCSF eliminates the 
calcium current responsible for bursting. 
(C) Washout of Ca2+ aCSF with normal 
aCSF shows a return of bursting.  
Spikes truncated to focus on 
subthreshold activity. 
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Other electrophysiological parameters were examined and are summarized in Table 1.  These 
demonstrated that layer 5 and layer 6 corticocollicular cells differ across a range of parameters 
(Ih, time constant, rebound current, proportion of bursting cells).  For example, layer 5 cells had 
a significantly larger time constant 18.1 ± 4.3ms (SD) compared with layer 6 cells 11.3 ± 4.5ms 
(SD) (p<0.0001), larger Ih and larger rebound currents with nonsignificant trends for lower input 
resistances and more depolarized resting potentials.  For comparison, also shown are 
previously-published data for layer 5 and layer 6 corticothalamic cells obtained under similar 
experimental conditions (Llano and Sherman, 2009), suggesting that there are broad similarities 
across layer 5 cells that project to the thalamus and IC. 
Figure 2.5 
Assessing the sag and rebound currents found in corticocollicular neurons. 
(A) Examples of rebound spikes in layers 5 and 6. Spikes truncated to focus on subthreshold 
activity. (B) Two sample traces with and without ZD7288, an Ih current specific blocker in a 
layer 5 cell. (C) Comparison of sag and rebound currents in layers 5 and 6 (± standard error). 
(D) Combined data of layers 5 and 6 sag vs. rebound currents. 
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 Layer 5 Corticocollicular (n=32) Layer 6 Corticocollicular (n=30) p 
Bursting** 6/14 0/22 0.0008* 
Sag current (pA) 46.4 (17.4) 12.0 (7.3) <0.0001* 
Rebound current (pA) 43.2 (17.5) 7.9 (10.2) <0.0001* 
Input resistance (M) 169.6 (68.3) 191.2 (77.8) 0.296 
Resting membrane potential (mV) 54.8 (9.8) 58.8 (12.9) 0.208 
Time constant (ms) 18.1 (4.3) 11.3 (4.5) <0.0001* 
Spike width at half-max (ms) 2.7 (1.0) 2.3 (0.6) 0.394 
Depolarizing afterpotential (mV) 1.4 (2.1) 0.14 (0.54) 0.002* 
Afterhyperpolarizing potential (mV) 6.9 (7.5) 8.7 (4.3) 0.079 
Comparison of bursting and non-bursting layer 5 cells recorded at 32 °C revealed some 
heterogeneity within layer 5. Bursting layer 5 cells had lower input resistance (101 ± 17MΩ (SD) 
vs. 199 ± 38MΩ (SD), p = 0.0007) and showed trends for having larger sag currents (64.6 ± 
17.4pA (SD) vs. 42.2 ± 12.7pA (SD), p = 0.042) and shorter time constants (16.8 ± 2.3 ms (SD) vs. 
19.8 ± 2.6ms (SD), p = 0.046) (Table 2.2).  
 Layer 5 Bursting (n=6) Layer 5 Non-bursting (n=8) p 
Sag current (pA) 64.6 (17.4) 42.2 (12.7) 0.042 
Rebound current (pA) 55.6 (18.3) 44.3 (17.4) 0.282 
Input resistance (M) 101 (17) 199.0 (38) <0.001 
Resting membrane potential (mV) -55.3 (5.6) -50.0 (6.1) 0.121 
Time constant (ms) 16.8 (2.3) 19.8 (2.6) 0.046 
Depolarizing afterpotential (mV) 3.2 (2.0) 1.7 (2.4) 0.139 
Table 2.1 
Summary of comparisons of layer 5 and layer 6 corticocollicular cells. Asterisk and darker shading 
indicate statistically significantly different based on a Holm-Bonferroni-corrected α-value.  **Only 32°C 
data included here since no bursting was seen at room temperature.  Numbers in parentheses 
correspond to standard deviation. 
Table 2.2 
Comparison of temperature effects.  Asterisk and darker shading denote statistical significance using 
a Holm-Bonferroni-corrected α value. RT = room temperature 
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Temperature effects: 
The effect of temperature on the electrophysiological properties of corticocollicular neurons 
was examined (see Table 2.3). Across both layer 5 and layer 6 cells, no statistically significant 
differences in sag currents, rebound currents, resting membrane potential, input resistance or 
time constant were observed. Spike half-width significantly shortened in layer 6 cells, and 
showed a trend to shorten in layer 5 cells (3.0 ± 1.0ms (SD) vs 2.2 ± 0.8ms (SD) in layer 5, p = 
0.043 and 2.9 ± 0.5ms (SD) vs 2.2 ± 0.6ms (SD) in layer 6, p=0.003). There were nonsignificant 
trends for an increased sag and rebound currents and more depolarized resting potentials in 
layer 5 cells recorded at physiological temperatures (sag, 51.8 ± 18.3pA (SD) vs 42.2 ± 15.8pA 
(SD), p = 0.130, and rebound 49.2 ± 18.1pA (SD) vs 38.6 ± 16.1pA (SD), p = 0.125). When cells 
recorded at room temperature were excluded from the analysis, all significant differences 
between layer 5 cells and layer 6 cells described above remained significant (Table 2.3). 
 
 
Layer 5 Room 
Temp (n=18) 
Layer 5 32 
C (n=14) 
p value (Layer 
5 RT vs. 32C) 
Layer 6 RT 
(n=8) 
Layer 6 32 
C (n=22) 
p value (Layer 
6 RT vs. 32C) 
p value (Layer 5 
vs 6 at 32C) 
Sag current (pA) 
42.2 (15.9) 
51.8 
(18.3) 
0.130 10.7 (7.0) 12.5 (7.5) 0.549 <0.0001* 
Rebound current (pA) 
38.6 (16.1) 
49.2 
(18.1) 
0.125 5.2 (5.6) 8.9 (11.4) 0.252 <0.0001* 
Input resistance (M) 
179.2 (75.4) 
157.3 
(58.3) 
0.420 
239.4 
(84.4) 
173.6 
(69.1) 
0.056 0.531 
Resting membrane 
potential (mV) 
57.7 (10.5) 51.2 (7.6) 0.083 52.0 (9.4) 
61.3 
(13.2) 
0.114 0.017* 
Time constant (ms) 17.8 (5.3) 18.5 (2.8) 0.560 14.0 (4.8) 10.3 (4.0) 0.024 <0.0001* 
Spike width at half-
max (ms) 
3.0 (1.0) 2.2 (0.8) 0.043 2.9 (0.5) 2.2 (0.6) 0.003* 0.928 
Depolarizing 
afterpotential (mV) 
0.75 (1.8) 2.2 (2.2) 0.011 0.0 (0.0) 0.3 (0.8) 0.549 0.003* 
Afterhyperpolarizing 
potential (mV) 
6.2 (5.1) 7.8 (9.8) 0.664 8.0 (1.5) 8.9 (4.5) 0.597 0.395 
Table 2.3 
Summary of temperature effects on electrophysiological properties of corticocollicular neurons. 
Numbers are presented as Value(SD). Asterisk and darker shading denote statistical significance 
using a Holm-Bonferroni-corrected α value.  RT = Room temperature.  
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Cell morphology: 
Five layer 5 cells and four layer 6 cells were recovered for morphological analysis. Substantial 
differences were observed between layer 5 and layer 6 corticocollicular cell morphology. All 
five layer 5 cells had similar morphologies, demonstrating a pyramidal-shaped cell body with a 
single prominent apical dendrite with a tuft of dendritic branching in upper layer 2/3 and layer 
1 (Figure 2.6 A-D). Sholl analysis revealed two peaks of branching: one near the soma and 
another at approximately 350µm away, corresponding to the branching near the pia seen 
qualitatively (Figure 2.6 I and J). Layer 6 cells have a different appearance than layer 5 cells, 
with smaller horizontally-oriented soma, and have multiple small dendrites, with profuse 
branching, and with some cells having dendrites which extend to the pia. Sholl analysis reveals 
most branching occurring in the proximal regions of the dendrites, and demonstrates that these 
cells may have extremely long dendrites (> 500µm, Figure 2.6 E-H). 
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Figure 2.6  
Analysis of the morphology of corticocollicular neurons 
 (A–D) Traces of layer 5 neurons filled with biocytin, recovered and traced in Neurolucida. (E–H) 
Traces of layer 6 similarly traced. (I, J) Combined Sholl analyses of layers 5 and 6 (± standard error). 
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Discussion 
A number of physiological and morphological differences between layers 5 and 6 auditory 
corticocollicular cells were observed. Many layer 5 corticocollicular neurons demonstrated 
calcium-dependent bursting in response to somatic depolarization and this bursting was often 
repetitive and rhythmic. In addition, layer 5 corticocollicular cells had prominent Ih-dependent 
sag and rebound currents. None of these properties was seen in layer 6 corticocollicular cells. 
Morphologically, layer 5 cells were large and had a pyramidal shape and had tufted branching 
near the border of layer 2/3 with layer 1. Layer 6 cells showed regular spiking and had profusely 
branched and very long mostly radially oriented dendrites, with some dendrites extending to 
the pia. These data suggest that layers 5 and 6 corticocollicular cells may receive different sets 
of cortical inputs, and that they are likely to respond to these inputs with different spiking 
patterns. These data are consistent with the general hypothesis that layers 5 and 6 AC neurons 
send different messages to the IC. 
The current morphologic and electrophysiological findings in layer 5 corticocollicular neurons 
are similar to what has been seen in layer 5 of the AC in general (Hefti and Smith, 2000; Wahl et 
al., 2008) in other layer 5 corticofugal neurons, including those that project to the auditory 
thalamus (Llano and Sherman, 2009) and those that project from the visual cortex to the 
superior colliculus (Schofield et al., 1987; Kasper et al., 1994). There is a substantial amount of 
heterogeneity in these cells’ biophysical properties, part of which may be explained by whether 
the cells fire in bursts or not. For example, bursting cells had lower input resistances than 
regular spiking cells, suggesting that these cells may have a larger volume (Table 2.2), consistent 
with previous descriptions of differences between bursting and non-bursting layer 5 cells 
(Chagnac-Amitai et al., 1990). 
The bursting observed appears identical to bursting seen in previous studies (Connors et al., 
1982). The mechanism underlying bursting has been studied by several investigators (Friedman 
and Gutnick, 1989; Markram and Sakmann, 1994; Franceschetti et al., 1995; Larkum et al., 
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1999) who have found that such bursting is likely created by a dendritic low-threshold voltage-
dependent calcium current, which is supported by our finding that bursting is eliminated with 
Ca2+-free aCSF. It is likely that the prevalence of bursting seen in the current study represents 
an underestimate of the proportion of cells that burst, since previous investigators have found 
layer 5 cortical cells which do not burst with somatic depolarization, but only burst with 
dendritic depolarization (Schwindt and Crill, 1999).  
The similarities between layer 5 corticocollicular and layer 5 corticothalamic cells extend 
beyond bursting. For example, both layer 5 corticocollicular cells and layer 5 corticothalamic 
cells show a high expression of Ih-mediated sag and rebound currents, have large depolarizing 
afterpotentials and have large somata with thick tufted apical dendrites that extend into layer 1 
(Llano and Sherman, 2009). These similarities in physiological and morphological properties 
suggest that layer 5 neurons that project to the IC and thalamus may have common response 
properties and perhaps have similar roles in information processing. It is also possible that 
there are subsets of layer 5 cells that project to both the thalamus and IC and therefore send 
identical messages to these two structures. Work from the motor, visual and somatosensory 
systems suggest that single layer 5 cells may, in fact, branch to many subcortical targets, 
including the thalamus and midbrain (Deschênes et al., 1994; Bourassa et al., 1995; Kita and 
Kita, 2012). If there are common layer 5 cells that project to both structures, any theory about 
the role of layer 5 corticocollicular neurons will have to be consistent with what is known about 
the corticothalamic system, and vice versa.  
Layer 6 corticocollicular neurons are a relatively recently-described population of neurons. 
Their numbers are small compared to layer 5, and for that reason were not observed (or at 
least were not described) in older studies with less sensitive tracers. Unlike layer 5, where 
corticocollicular cells resemble their corticothalamic counterparts, layer 6 corticocollicular cells 
bear little morphological resemblance to layer 6 corticothalamic cells. Layer 6 corticothalamic 
cells are found in the middle of layer 6, and are small pyramidal cells with short dendrites 
(Zarrinpar and Callaway, 2006; Llano and Sherman, 2009). Layer 6 corticocollicular cells are in 
the extreme depth of the cortex, often found in the white matter and have cell bodies with a 
variety of orientations (Schofield, 2009). Based on our data and observations by Schofield 
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(2009), layer 6 corticocollicular cells appear to comprise a very small minority of the total 
number of neurons in layer 6, while layer 5 corticocollicular cells are much more numerous, 
comprising a substantial proportion of layer 5 neurons. We found that layer 6 corticocollicular 
cells had surprisingly long dendrites, some >1mm in length, making these among the longest 
dendrites in the cortex. Most of these dendritic trees had a radial orientation, although one 
extended laterally for approximately 500μm (Fig. 2.6 E). These suggest that, unlike layer 6 
corticothalamic cells, these cells are likely sampling inputs from relatively long distances. This 
raises new questions about the integrative properties of these long dendrites, which are likely 
too long to permit passive propagation of subthreshold signals from the distal dendrites to the 
soma. Given the distance that the fibers cover, any information from the distal portions of the 
dendritic tree would likely need to be conveyed via active conductances. 
Layers 5 and 6 corticocollicular cells were distinguishable based on the high expression of Ih 
(sag) current in layer 5 cells. The high level of this current has been seen in other layer 5 
corticofugal neurons (Kasper et al., 1994) and likely contributed to the pronounced rebound 
depolarizations seen in these cells. Ih may contribute to several other attributes of layer 5 cells, 
such as their slightly depolarized resting potentials, and may diminish their input resistance, 
which would diminish the length constant of these neurons (Robinson and Siegelbaum, 2003). 
Ih may also contribute to persistent activity seen in other parts of the cortex in vivo (Winograd 
et al., 2008), though the in vivo properties of auditory layer 5 corticocollicular cells have not yet 
been investigated. 
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CHAPTER 3: USING LASER PHOTOSTIMULATION OF CAGED GLUTAMATE TO MAP AND COMPARE THE 
INPUTS TO LAYER 5 AND LAYER 6 IDENTIFIED CORTICOCOLLICULAR NEURONS. 
In chapter 2, I found that layer 5 and layer 6 corticocollicular neurons have different 
electrophysiological properties as well as different morphologies. To further understand the 
functional significance of these differences, in this chapter I look at the local cortical inputs that 
these neurons receive. It is likely that they differ in the inputs that they receive, both excitation 
and inhibition, partially due to the differences in dendritic morphology revealed in the previous 
chapter. To this end, I use a series of glutamate uncaging experiments to compare local inputs 
to layer 5 and layer 6 corticocollicular neurons. 
Hypotheses to be tested: 
 Layer 5 and 6 corticocollicular neurons have different excitatory and inhibitory inputs 
o Layer 5 corticocollicular neurons receive more supragranular input than layer 6 
neurons. 
o Layer 5 corticocollicular neurons receive more inhibitory input overall than layer 
6 neurons. 
o Layer 6 corticocollicular neurons have weak distal inputs due to their unique 
morphology. 
 Synaptic inputs calculated by subtracting direct stimulation from a combined direct and 
synaptic stimulation will yield more information about proximal inputs than the more 
commonly used time window method.  
 
Methods 
General Preparation and Recording Methods: 
Balb/c (30-60 days of age) mice were bred in house. Mice were anesthetized with ketamine 
hydrochloride (100mg/kg) and xylazine (3mg/kg) and then placed carefully in a stereotaxic 
apparatus to avoid damage to peripheral auditory structures. Lidocaine (1%) was injected 
subcutaneously at incision sites prior to surgery to supplement anesthesia. Injection targets in 
the IC were localized using stereotactic coordinates (0.75mm caudal from lambda, 0.75mm 
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lateral to midline, and 0.5-1mm depth from the dorsal surf, see Figure 2.1). Micropipettes (tip 
diameter 10μm) were filled with 10-25nL of fluorescent latex microspheres (Lumafluor 
Retrobeads, Durham, NC) and injected into the IC over 5-10 minutes using a Nanoliter 2000 
injection system (World Precision Instruments, Sarasota, FL). Animals were allowed to survive 
for >3 days prior to sacrifice.  
To obtain slices, each animal was deeply anesthetized by intraperitoneal injection of ketamine 
hydrochloride (100mg/kg) and xylazine (3mg/kg) then transcardially perfused with an ice-cold 
high-sucrose cutting solution and the brain was quickly removed. Once removed, the brain was 
set on a slide with line demarcations for 90o and 73o from the vertical, dorsal side up with the 
midline aligned with the vertical. The olfactory bulb and approximately 2mm of tissue from the 
rostral end of the brain were removed to create a flat surface for the subsequent cut. The brain 
was then placed on the newly cut face, rostral end down, again aligning the midline of the brain 
with the vertical demarcation and the top of the brain with the horizontal. A double angled cut 
was then performed at 17o from the horizontal (73o from the vertical with respect to midline 
plane) and a 60o deviation from the coronal plane such that tissue is removed in greater 
quantities from the right and caudal ends of the brain (Figure 3.1 A). Thalamocortical slices 
(300μm) (Cruikshank et al., 2002; Llano et al., 2014; Slater et al., 2015) were cut using a 
vibrating tissue slicer (Figure 3.1 B) and transferred to a holding chamber containing 
oxygenated incubation aCSF and incubated at 32°C for 1 hour prior to recording.  
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Whole-cell and cell-attached recordings were obtained using a visualized slice setup outfitted 
with infrared-differential interference contrast optics and fluorescence and performed at 22°C. 
We used the Multiclamp 700B amplifier (Axon Instruments, Sunnyvale, CA) and pClamp 
software (Molecular Devices, Sunnyvale, CA) for data acquisition, sampled at 20kHz. 
Borosilicate glass capillary tubes were pulled to obtain recording pipettes. These pipettes were 
then filled with intracellular recording solution (for cell attached recordings: in mM: 117 K-
gluconate, 13 KCl, 1.0 MgCl2, 0.07 CaCl2, 0.1 ethyleneglycol-bis(2-aminoethylether)-N,N,N′,N′-
tetra acetic acid, 10.0 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2.0 Na-ATP, 0.4 Na-
GTP, 0.01 Alexa 568 or 488, and 0.5% biocytin, pH 7.3 and intracellular recordings: in mM 117.0 
CsOH, 117.0 Gluconic acid, 11.0 CsCl, 1.0 MgCl2*6H20, 0.07 CaCl2, 11.0 EGTA, 10.0 HEPES). Cell-
attached recordings of unidentified neurons were done with aCSF (in mM: 126 NaCl, 2.0 MgCl2, 
10.0 glucose, 1.25 NaH2PO4, 26 NaHCO3, 2.0 CaCl2, 2.5 KCl, and 0.05 APV, at pH 7.4) and 
Figure 3.1  
Schematic for obtaining thalamocortical slice and orientation of the auditory cortex. 
(A) The brain is quickly removed from the mouse and two cuts are made to prepare the brain for 
blocking, the brain is then sliced on a vibratome to obtain the thalamocortical slice. (B) The plane 
of the slice; the brain is overlaid with approximate frequency maps of the auditory cortex. (C) The 
thalamocortical slice with the approximate frequencies overlaid on the auditory cortex. 
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circulating 150 µM MNI-glutamate (Tocris Biosciences, Ellisville, MO). APV (Tocris Biosciences), 
a selective competitive inhibitor of the  N-Methyl D-Aspartate (NMDA) receptor, was used to 
prevent recurrent excitation, therefore limiting excitation to monosynaptically driven currents 
(Shepherd, 2012).  
Photostimulation for cell attached recordings 
Briefly, recordings of laser-driven spikes were done after an observed increase in series 
resistance to approximately one gigaohm. A UV laser (355nm wavelength, frequency-tripled 
Nd:YVO4, 100-kHz pulse repetition rate; DPSS Laser, San Jose, CA) was used for these 
experiments. Laser power was adjusted using an acousto-optical modulator (Gooch and 
Housego, Ilminster, United Kingdom). The laser is directed into the side port of an Olympus 
microscope (BX51WI) using a series of UV-enhanced aluminum mirrors (Thorlabs, Newton, NJ) 
and a pair of mirror galvanometers (Cambridge Technology, Cambridge, MA) and is passed 
through a 400nm long pass filter dichroic to allow for laser stimulation as well as visualization of 
fluorescently labeled cells. The laser beam is focused onto the brain slice with a low-
magnification objective (4× 0.13NA infinity corrected Plan, Olympus) and used to uncage 
glutamate at 25mW as measured using a broadband power/energy meter (CVI Melles Griot, 
Rochester, NY). We used 1ms pulses controlled by the acousto-optical modulator to obtain a 
series of traces corresponding to glutamatergic responses at each point in the 10x10 grid. 
Uncaging was done at successive non-neighbor points to prevent depletion of the caged 
glutamate, glutamate toxicity, and habituation at the probed synapses. Spikes were visually 
identified and assigned to points in the 10x10 maps and multiple runs were used to obtain the 
neuronal activations for each cortical layer. Spikes were considered to be driven by laser input if 
they occurred within 5ms after the laser pulse and in at least half of the repeated 10x10 maps.   
Photostimulation for corticocollicular mapping 
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Individual labeled corticocollicular neurons were identified using the presence of fluorescent 
latex beads (Lumafluor Retrobeads, Durham, NC) identified by fluorescence optics (Olympus 
filter set U-MWG2, excitation 510 – 550nm, dichroic 570nm, and emission 590nm long pass 
filter) using a 200W metal arc lamp (Prior, Rockland, MA) (see Figure 2.1C). To obtain input 
maps, once a cell was successfully patched, MNI-glutamate was introduced into the circulating 
aCSF (in mM: 126 NaCl, 4.0, 10.0 glucose, 1.25 NaH2PO4, 26 NaHCO3, 2.0 CaCl2, 2.0 MgCl2, 2.5 
KCl, and 0.05 APV, at pH 7.4) at 150µM. A 30x30 grid of points with ~25µm spacing was then 
placed over the cortex surrounding the corticocollicular cell (Figure 3.1 A) using the Prairie View 
software (Bruker). Each grid of laser stimulation points was run at least three times, first held at 
10mV, next while the neuron was held at -60mV (Figure 3.1 B), and then the bathing solution 
was switched to a low calcium aCSF (in mM: 126 NaCl, 4.0 MgCl2, 10.0 glucose, 1.25 NaH2PO4, 
26 NaHCO3, 0.01 CaCl2, 2.5 KCl, 0.05 APV, at pH 7.4), which prevents synaptic transmission, 
while the neuron was again held at -60mV. QX-314 (Tocris Biosciences) 50µM added to the 
intracellular solution above, was used to eliminate voltage-dependent sodium currents which 
would otherwise skew comparisons between traces with and without a generated spike.  
Figure 3.2 
Laser mapping using MNI glutamate uncaging 
(A) A grid of 30x30 points is placed over the cortex surrounding the patched corticocollicular neuron. (B) 
Cells are held at -60mV and +10mV to assess excitation and inhibition, respectively. (C) Heat maps are 
generated to visualize charge transfer ranging from 0 (blue) to 5 standard deviations above the mean 
(red). Purple arrows correspond to time of laser stimulation.  
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Laser Map Analysis 
Electrophysiological analyses were performed with Clampfit followed by further analysis in 
custom written MATLAB software. Responses to stimulation were characterized by a change of 
three standard deviations above baseline noise, which was taken as the average of 200ms 
preceding the laser stimulus. Traces were then unshuffled and heat maps were created using 
total charge transfer, calculated by area under the curve, and then normalized to the mean 
response for any given grid of points to compare across trials. Responses are reported from no 
response to 5 standard deviations above the mean (Figure 3.2 C).  
The primary hypothesis being tested is that layer 5 and layer 6 will have differences in synaptic 
input from different cortical layers. Layers were divided by the first 6 rows of points as layer 6 
(defined using the white matter to the first visible labeled layer 5 cell on average), the next 8 
rows of points, 7-14, as layer 5 (using the first visible layer 5 cell to the granular layer as visible 
with transmitted light), the 4 rows after that, 16-19, as layer 4 (granular layer identified with 
transmitted light), rows 19-27, as layer 2/3 (from the granular layer to a drop off in visible cells), 
and the last 3 rows as layer 1 (marked by a paucity of visible cells via transmitted light) (see 
Figure 3.3 A and D). Synaptic differences were normalized to the mean input, as such data are 
presented as a percentage of the charge transfer at a given point compared to the mean charge 
transfer. Because all data were obtained in sequential pairs of neurons, means from layer 5 
versus layer 6, and those obtained within a given cell were compared with a Wilcoxon signed 
rank test for significance. To account for multiple comparisons we used a post-hoc Holm-
Bonferroni and adjusted our p values to maintain α = 0.05. 
Cell Morphology 
As described above, cells were filled with a fluorescent dye and biocytin during recording. After 
laser mapping, high power images of cells filled with fluorescent dye were obtained using a 
QiClick (QImaging, Surrey, BC, Canada) CCD camera at 40X before carefully removing pipette 
from the cell. Slices were then placed in 4% PFA in PBS for >24h. After fixation, slices were 
washed 3 times in PBS (0.1 M, pH 7.4) containing 0.3% Triton-X-100 (PBT) for 10 minutes per 
wash and transferred to either Alexa Fluor 488 or 568 fluorescently tagged Streptavidin (Life 
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Technologies Carlsbad, CA) (1µg/mL) in PBT overnight. After a further series of three PBT 
washes for 10 minutes each, the slice was then mounted on slides with Vectashield (Vector 
Labs Burlingame, CA) a fluorescent mounting media, for tracing with Neurolucida (MBF 
biosciences, Williston, VT) using a Zeiss AxioImager A1 with a motorized stage at 20X. 
Results 
Cell attached recordings: 
To determine the optimal stimulation density for mapping layer 5 and layer 6 corticocollicular 
cells. We first performed cell attached recordings from neurons randomly selected in layers two 
through six (Layer 6: n = 3, Layer 5: n=4, Layer 4: n=5, Layer 2/3: n= 4). A 10x10 spot grid, with 
10µm spacing between each point, was centered over the cell to direct UV laser 
photostimulation (Figure 3.2 A). Four mapping trials were run to assess the spiking reliability of 
auditory cortical neurons to a given stimulation point. Stimulation locations in which the cell 
responded with a spike (Figure 3.2 B) in half or more trials were considered reliably driven and 
therefore used for analysis. All cells sampled (n=16) had relatively small areas (Figure 3.2 D) 
with reliable photostimulation driven spiking (Figure 3.2 C), indicating the minimum width that 
will reliably stimulate a given neuron is approximately 25µm. We used this information to guide 
our later mapping experiments for the 30x30 grid covering the area surrounding the 
corticocollicular neuron being assessed. 
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Corticocollicular neurons are found in layer 5 and layer 6 of the cortex, with the majority of the 
projection originating from layer 5. We found previously that the biophysical properties of 
these two cell types differ substantially, and as such, we hypothesized that the inputs to them 
would also differ substantially. To assess this, we did sequential recording of paired pre-
identified layer 5 and layer 6 corticocollicular neurons within the same column (150µm width) 
Figure 3.3 
Cell attached recordings of neurons across the auditory cortex.  
(A) Unidentified neurons across all layer of the auditory cortex were recorded from in a cell attached 
manner. A tight 10x10 grid of points with 10µm spacing was placed centered over the cell and 
glutamate was uncaged in successive non-neighboring points. (B) This was then unshuffled and 
plotted. (C) Spiking activity was determined visually (arrowhead). (D) Auditory cortical neuron 
excitation profiles. All cells recorded from had relatively small activation areas, though there was 
variation in each layer. 
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(n=8 pairs used for all comparisons).We used laser photostimulation to uncage glutamate to 
assess local cortical inputs, with parameters defined by our excitation profile (cell attached) 
experiments. Using a 30x30 spot grid with approximately 25µm spacing, we were able to probe 
the inputs to corticocollicular neurons spanning a wide swath of the cortex with all cortical 
layers. 
Laser photostimulation mapping of inhibitory inputs via glutamate uncaging 
Cells were initially held at positive 10mV to obtain inhibitory currents during laser 
photostimulation; this voltage is approximately at the reversal potential for glutamate 
receptors in our preparation and will therefore isolate inhibitory currents. A custom MATLAB 
program analyzed all responses and produced a heat map based on the total outward charge 
transfer. We used total charge transfer rather than peak current as this decreases spurious 
results from noise, accounts for long, weak responses, as well as multiple currents, which will 
more accurately reflect synaptic inputs. We only examined the outward current for analysis 
(Figure 3.4 A and C examples of layer 5 and 6 corticocollicular neurons respectively). With each 
of these measurements, we subtracted the baseline charge transfer; this was calculated with 
each trace utilizing the 200ms preceding the laser pulse.  
We find that Layer 5 corticocollicular neurons receive significantly more inhibition in all layers 
other than layer 6 corticocollicular neurons; all results as mentioned in methods are normalized 
to mean responses and as such are given as a percentage of the mean input per mapping. We 
found that the layer 5 corticocollicular neurons receive more inhibition from all cortical layers 
except from layer 6, in comparison to the layer 6 corticocollicular neurons, which receive more 
input from their home layer, layer 6. Normalized inhibitory responses from layer 5 cortical 
inputs were 121 ± 33% (SD) in layer 5 corticocollicular neurons versus 71 ± 16% (SD) in layer 6 
neurons (p=0.0009). From layer 4, we find the most significant difference with 130% ± 21(SD) to 
layer 5 neurons versus 55 ± 8% (SD) to layer 6 neurons (p=0.0004). Again we find from the 
supragranular cortical layers, layer 5 neurons receive greater inhibitory input than layer 6 
neurons, from layer 2/3, 85 ± 0.17% (SD) to layer 5 versus 59 ± 22% (SD) L6 p=0.02, and from 
layer 1, 81 ± 31% (SD) to layer 5 versus 52 ± 23% (SD) to layer 6 p=0.03. Conversely layer 6 
corticocollicular neurons receive greater inhibition from within layer 6 compared to layer 5 
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corticocollicular neurons 70 ± 19% (SD) to layer 5 neurons versus 213 ± 34% (SD) to layer 6 
neurons p=0.0003 (see Figure 3.5 bottom for further summary).  
Interestingly, we also found that both layer 5 and layer 6 corticocollicular neurons receive 
anisotropic inhibition whereby inhibition was greater from one side of the recorded neurons. 
To measure this, we averaged the inputs obtained from the left and right half of the maps. The 
values were then pooled with the larger of the two values in the higher category and the 
smaller of the two values in the lower category. We found that both layer 5 and layer 6 
corticocollicular neurons received more inhibition from one side (higher 107 ± 6% (SD) in layer 5 
and 111 ± 8% (SD) in layer 6) compared to the other side (lower 84 ± 9% (SD) in layer 5 and 86 ± 
10% (SD) in layer 6) p= 7.78e-05 (Figure 3.3 compare 3.32 B layer 5 average to 3.3 D layer 6 
average). We found no difference from caudo-dorsal 95 ± 13% (SD) compared to the rostro-
ventral directions 97 ± 16% (SD) p = 0.80 in layer 5 corticocollicular neurons and 91 ± 15% (SD) 
caudal-dorsal versus 105 ± 13% (SD) rostro-ventral p = 0.08 in layer 6 corticocollicular neurons.  
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Laser photostimulation mapping of excitatory inputs via glutamate uncaging 
We also assessed excitatory inputs, while holding the corticocollicular neurons at -60mV. Using 
the same 30x30 grid, we again uncaged glutamate at each of these points to generate an input 
map. The maps generated in this manner to not differentiate direct stimulation of the patched 
neuron from synaptic inputs, and therefore yield a combination of direct and synaptic inputs. 
Figure 3.4 
Mapping the inhibitory currents coming into the corticocollicular system. 
(A) Example of inhibitory charge transfer heat map of a layer 5 corticocollicular neuron overlaid 
on auditory cortex. (B) Average inhibitory charge transfer across all layer 5 corticocollicular 
neurons sampled (n=8). (C) Example of inhibitory charge transfer heat map of a layer 6 
corticocollicular neuron. (D) Average inhibitory charge transfer across all layer 6 
corticocollicular neurons sampled (n=8). 
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To separate out synaptic input from combined input there are two methods that have been 
used in previous experiments. The most commonly-applied method uses a time window to 
separate out direct stimulation and synaptic inputs (Shepherd et al., 2003; Barbour and 
Callaway, 2008; Shepherd, 2012; Hooks et al., 2013), which is based on stimulation eliciting 
currents whose latencies are distributed bimodally. A time window is then set to capture the 
early peak of current (Figure 3.4A see time window) and assumes that the earliest responses 
are from direct stimulation of the recorded cell; the currents that begin after the direct 
stimulation time window are then used for analysis of synaptic inputs (Figure 3.4 D).  
The second method developed by Llano and Sherman (Llano and Sherman, 2009) uses a low 
calcium method to eliminate synaptic currents. First, both synaptic and direct stimulation 
responses are recorded in normal aCSF (Figure 3.4 A). This solution is changed to a low calcium 
aCSF fluid, yielding direct stimulation only. Traces for each response in the low calcium (direct 
responses see Figure 3.4 B) are then subtracted from those obtained with the normal aCSF 
(which contain mixed direct and synaptic responses) to yield synaptic responses (Figure 3.4 C). 
These two methods generate different information about the location and weight of the 
synaptic inputs that cells receive (Figure 3.4 E). The time window method does not discriminate 
physiologically between synaptic and direct stimulation. The low calcium subtraction method 
retains inputs local to the soma, and therefore removes the distal input bias of the time 
window method. It has been shown that activation of distal dendrites can cause potential 
changes in the soma later than 5ms after activation as well as synaptic inputs onto the soma 
itself or the axon hillock occurring earlier than 5ms (Petreanu et al., 2009). Due to the overlap in 
timing, the time window method is not sensitive for discrimination of these inputs. The bias of 
the time window method leads it to classify the direct activation of distal dendrites as synaptic 
input and faster local inputs as direct input. As such, we hypothesized that the time window 
method would underrepresent inputs proximal to the soma and overestimate those distally. 
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Figure 3.5 
 Time Window and Trace Subtraction Method.  
(A) Example total excitation trace. Blue arrow indicates laser stimulation time. For the time window 
method a 5ms window was created after stimulation, where all stimulation points with a current 
before the 5ms window the responses were set to 0. Only the values that are outside the window 
are used.  Note the later current occurring just after window which would be ignored with time 
window method. (B) Example low calcium trace. The same stimulation point as in (A) now in a low 
calcium aCSF preventing synaptic transmission, yielding only direct stimulation. (C) Example of trace 
subtraction method. Subtracting the trace in low calcium (B) from the total excitation (A) we get the 
synaptic currents only. (D) Heat map of charge transfer using the time window method. E. Heat map 
of charge transfer using low calcium subtraction method. (F) A comparison of total excitation, low 
calcium and 2mM TTX and the resultant trace showing current generated with 2µM TTX subtracted 
from low calcium generated trace.  
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As described in the Methods, normal aCSF was then switched to a low calcium aCSF, which in 
combination with the NMDA antagonist APV (Figure 3.5 F green line) eliminated synaptic 
responses similar to 2µM TTX (Figure 3.5 F red line), which will reflect only direct cellular 
responses. We then used two methods to analyze synaptic events. The more commonly used 
time window method, where any responses occurring after 5ms after the laser onset are 
considered synaptic, and the more recently developed low calcium trace subtraction method 
which subtracts the direct cellular responses recorded in low calcium aCSF from the total 
excitation recorded in normal aCSF. 
We found that the time window and low calcium trace subtraction methods produce different 
results in some cases when comparing layer input differences between layer 5 and layer 6 
corticocollicular neurons. Using both methods, we found that layer 5 and layer 6 
corticocollicular neurons differ significantly as to the amount of input each receives from 
certain cortical layers. Both the time window method and the low calcium trace subtraction 
method show that layer 6 corticocollicular neurons receive significantly more input from their 
home layer, layer 6 compared to layer 5 corticocollicular neurons: normalized input = 32 ± 36% 
(SD) to layer 5 neurons versus 266 ± 62% (SD) to layer 6 neurons (p=0.0004) using the low 
calcium trace subtraction method and 88 ± 17% (SD) to layer 5 neurons vs 151 ± 39% (SD) to 
layer 6 neurons p=0.003 using the time window method. We found no difference between layer 
5 and layer 6 corticocollicular neurons with respect to their excitatory cortical inputs from layer 
5. The main difference in the two methods becomes apparent when comparing the inputs from 
the granular layer. As previously mentioned, distal direct inputs and strong proximal synaptic 
inputs can occur at similar times which may bias the time window method to incorrectly classify 
some direct inputs as synaptic and some synaptic inputs as direct (Petreanu et al., 2009). 
Commensurate with this idea, we find a significant difference in the inputs from layer 4 using 
the low calcium trace subtraction method compared to the time window method. Layer 5 
corticocollicular neurons receive significantly more synaptic input from layer 4 than layer 6 
corticocollicular neurons using the low calcium method with 232 ± 66% (SD) to layer 5 neurons 
compared to 57 ± 39% (SD) to layer 6 neurons p=0.0003 using the low calcium trace subtraction 
method. We only find a trend using the time window method with cortical inputs from layer 4 
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to layer 5 neurons 119 ± 20% versus 98 ± 33% (SD) to layer 6 neurons p=0.3. Previous studies 
assessing the supragranular input to layer 5 intrinsic bursting cells have found significant input 
from layers 2/3 commensurate with their dense arborizations there (Yu et al., 2008). We found 
the layer 2/3 inputs were greater in layer 5 corticocollicular neurons compared to the layer 2/3 
input to layer 6 corticocollicular neurons using both the low calcium trace subtraction method 
and the time window method. Using the low calcium trace subtraction method, cortical layers 
2/3 show a normalized input of 95 ± 42% (SD) to layer 5 corticocollicular neurons compared to 
36 ± 22% (SD) to layer 6 corticocollicular neurons p=0.01. We find a more significant difference 
when we used the time window method 100 ± 11% (SD) in layer 5 neurons compared to 76 ± 
11% (SD) to layer 6 neurons p=0.004. It is likely that the differences in significance we find 
comparing the time window method and the low calcium trace subtraction method are due to 
overemphasis of distal inputs in the time window method. We did not find significant 
differences between layer 5 and layer 6 corticocollicular neurons in terms of synaptic input 
using either method from layer 5 or layer 1 (Summarized in Figure 3.6). 
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Figure 3.6 
Summary of results comparing cortical layer specific inputs. 
 Left column shows normalized charge transfer comparing inputs to layer 5 and layer 6 
corticocollicular neurons. With the top two butterfly graphs comparing excitatory input using the 
time window and trace subtraction methods, and the bottom showing inhibitory input. The top 
row of heat maps show the average excitatory synaptic input currents to layer 5 and layer 6 
corticocollicular neurons as calculated using the time window method. The middle two heat maps 
are the averaged excitatory current inputs calculated using the low calcium subtraction method. 
Note that the low calcium method retains local input in both layer 5 and layer 6 corticocollicular 
neurons, while maintaining supragranular input to layer 5. The bottom butterfly graph shows the 
comparison of inhibitory inputs reflected in the bottom right heat maps. These show the average 
inhibitory inputs. Note, that both layer 5 and layer 6 receive unbalanced inhibition.   
* denotes p < 0.05. Normalized cell location is indicated by the black triangles. 
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Discussion 
It has been known for quite some time that the corticofugal system plays a role in shaping 
ascending auditory inputs. A number of past studies have looked at the effects of stimulation of 
the corticocollicular system (Amato et al., 1969; Mitani et al., 1983; Syka and Popelář, 1984; Yan 
et al., 2005; Nakamoto et al., 2008; Xiong et al., 2015).  In the ascending system, there have also 
been numerous studies evaluating the responses to sound in each of the major auditory nuclei 
from the cochlea to the cortex (Møller, 1972; Galazyuk and Feng, 1997; Llano and Feng, 1999; 
He and Hu, 2002; Bizley et al., 2007; King et al., 2007; Recio-Spinoso and Joris, 2014). We have 
endeavored to begin to shed light on the connection between these two bodies of information 
and how the ascending information feeds into the corticocollicular projection. We found that 
both layer 5 and layer 6 corticocollicular neurons receive large amounts of local input, and layer 
5 receives most of the supragranular input.  
The layer 6 corticocollicular neuronal morphological properties are unique within the cortex 
having elongated and thin dendritic arborizations, in some cases reaching the pia and other 
cases extending into adjacent cortical columns. However, their excitatory synaptic inputs do not 
seem to differentiate them from other layer 6 neurons such as the corticothalamic neurons 
(Llano and Sherman, 2009). This is somewhat surprising given their extensive arborizations, 
which do not appear to receive input from local cortical neurons, and particularly from the 
granular and supragranular layers (See Figure 3.2 C). It is possible that coordinated input is 
required to these cells, as groups of cells are often activated in ensembles especially from 
thalamic inputs (Bruno and Sakmann, 2006; Wang et al., 2010). As such, it is possible that focal 
glutamate stimulation is unable to activate the thin dendrites found in the layer 6 
corticocollicular neurons in such a way that the activation is reflected in a somatic current. 
Similar to the layer 5 corticothalamic neurons, layer 5 corticocollicular cells, which share many 
biophysical properties with the layer 5 corticothalamic projections, have almost identical 
excitatory synaptic inputs.  
Apart from defining the cortical inputs to the corticocollicular projecting neurons of the 
auditory system, we also wanted to compare methods of analyzing synaptic inputs using 
glutamate uncaging. We used two methods, each having advantages and disadvantages 
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associated with them. The time window method is the most commonly used method to 
separate out direct versus synaptic stimulation. This technique entirely relies on a bimodal 
distribution of recorded input latencies, and designates the early peak as direct stimulation and 
later peak as synaptic (Callaway and Katz, 1993; Shepherd et al., 2003; Zarrinpar and Callaway, 
2006; Barbour and Callaway, 2008; Hooks et al., 2013). The major points in favor of this 
technique are: it requires no extra caged glutamate, relying on only one uncaging map to yield 
results, and therefore this method required approximately half the time, as it does not require 
extra mapping or solution changes. Recent studies, however, have shown that direct inputs to 
distal dendrites can fall outside of the window commonly used to separate direct and synaptic 
input, and conversely synaptic inputs close or directly on the some can fall before the window 
(Petreanu et al., 2009). This finding indicates that the time window method can incorrectly 
classify currents in both directions, direct as synaptic and synaptic as direct. We posit that, 
while the low calcium trace subtraction method (Llano and Sherman, 2009) requires more time, 
as it necessitates running each laser map at least twice, and more intensive processing, this 
method produces results that better reflect that actual synaptic inputs these cells receive. 
The other major finding in this study is the unique inhibitory inputs to layer 5 and layer 6 
corticocollicular neurons. We found that a subset of layer 5 and 6 corticocollicular neurons 
receive regionally unbalanced inhibition, likely arising from an adjacent cortical column. A 
number of previous studies have probed the nature of the balance between excitation and 
inhibition. In many cases, they have found that individual neurons receive the greatest amount 
of inhibition by the same stimuli that provide the greatest amount of excitation.  Lateral 
inhibition which has been attributed with the sharpening of neuronal responses relies on the 
matching of inhibition (Wehr and Zador, 2003; Wu et al., 2008), or broader inhibition (Kuo and 
Wu, 2012). This effect, termed the iceberg effect, sharpens neuronal responses by dampening 
all responses effectively making the neuron only responsive to a smaller set of stronger 
excitatory inputs. We find a spatially unbalanced inhibition, which given the nature of the 
thalamocortical slice (Figure 3.1 C), could represent frequency dependent inhibitory input. A 
few other studies have found unbalanced inhibition and excitation either in topography or the 
temporal domain. In the auditory system, in certain cases, in vivo single cell recordings have 
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shown a tonotopic bias from either higher or lower frequency areas in the amount of inhibition 
a given neuron receives (Wu et al., 2008). This bias effectively will sharpen the neuron’s 
responses on the higher or lower end of the frequency spectrum more than the other. Similar 
results have been found in terms of space or orientation in the visual system (Liu et al., 2011; 
Tan et al., 2011). It is thought that this unbalanced inhibition is crucial for processing of certain 
stimuli. This unbalanced input allows neurons to respond to specific stimuli based on the 
inhibition and excitation they receive, which may be different from a neighboring neuron. This 
pattern of disparate responses in nearby neurons is seen in the frequency tuning of neighboring 
layer 2/3 neurons using in vivo calcium imaging (Bandyopadhyay et al., 2010). This study also 
showed that even with some shared inputs these neurons responded differently to noisy 
stimuli. It is possible that this anisotropic inhibition may provide the inhibition for cortical 
tuning as well as shape excitatory inputs, providing a mechanism for cortical control of collicular 
neuron tuning. It has been known that stimulation of the cortex will shift the tuning curves of 
collicular neurons toward the frequency in the cortex (Zhang and Suga, 2000; Yan et al., 2005). 
As such it is this anisotropy that may provide the mechanism for the asymmetry necessary for 
tuning neurons that best respond to higher frequencies lower and lower frequencies higher, 
rather than a symmetrical shift. This could enable the cortex to appropriately refine and tune 
inferior collicular neurons to have egocentric shifts as those seen in previous studies (Zhang and 
Suga, 2000; Yan et al., 2005) and reviewed in (Bajo and King, 2012).  
Another possibility is that because of the nature of the thalamocortical slice, we are able to 
capture multiple frequency representations. The inhibitory effects we observe are possibly the 
underpinnings of frequency modulated (FM) sweep selectivity seen in a number of previous 
studies. FM sweep selectivity has been found in the auditory cortex many model species, 
including cats, bats, rodents, and primates (Suga, 1965; Tian and Rauschecker, 1994; Zhang et 
al., 2003; Tian and Rauschecker, 2004; Atencio et al., 2009; Trujillo et al., 2011). Anisotropic 
inhibition has been shown to be the mechanism underlying FM sweep selectivity in rats, with a 
large inhibitory sideband dependent on the characteristic frequency (Zhang et al., 2003). FM 
sweep sensitivity is lost when inhibition is blocked locally, indicating that the directional 
excitation is shaped by inhibitory inputs. The ability to be able to accurately detect FM sweeps 
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may be important for complex sound perception. The topographically segregated inhibition we 
have observed in this study (see Figure 3.3 B,D) gives credence to the possibility that the 
corticocollicular system is an integral part of speech recognition as the rapid directional pitch 
changes are crucial features of speech (Stevens and Klatt, 1974; Zeng et al., 2005).  
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CHAPTER 4:  CHARACTERIZATION OF THALAMOCORTICAL INPUT ONTO THE 
CORTICOCOLLICULAR PROJECTION USING CHANNELRHODOPSIN-2. 
In the previous chapter, I showed that layer 5 and layer 6 auditory corticocollicular neurons 
receive differing input from local cortical circuitry. It has recently been shown that neurons in 
layers 5 and 6 of the cortex receive more extensive direct thalamocortical innervation than 
previously recognized. In contrast with the canonical model this input can, in certain cases, 
drive action potentials. In the current chapter, I use channelrhodopsin labeled thalamocortical 
afferents as well as laser photo-uncaging of glutamate, paired with pre-identification of 
corticocollicular neurons, to assess the extent of thalamocortical input into layer 5 and layer 6 
corticocollicular neurons.  
Hypotheses to be tested: 
 The thalamocortical projections provide input to both layer 5 and layer 6 auditory 
corticocollicular neurons 
 Thalamocortical projection neurons have direct synaptic connections to both layer 5 and 
layer 6 corticocollicular neurons, but that input differs in strength 
Methods: 
General Preparation and Recording Methods: 
Balb/c (30-60 days of age) mice were bred in house. Mice were anesthetized with an 
intraperitoneal injection of ketamine hydrochloride (100mg/kg) and xylazine (3mg/kg) and then 
carefully placed in a stereotaxic apparatus to avoid damage to peripheral auditory structures. 
Lidocaine (1%) was injected subcutaneously at incision sites prior to surgery to supplement 
anesthesia. Injection targets in the IC (Figure 4.1 A), and MGB (Figure 4.1 B) were localized 
using stereotactic coordinates (for IC injections, 0.75mm caudal from lambda, 0.75mm lateral 
to midline, and 0.5-1mm depth from the dorsal surface; for thalamus injections, 3.18mm caudal 
from Bregma, 2.0mm lateral from the midline, and 3.2mm from the dorsal surface). For all 
animals, micropipettes (tip diameter 10μm) were filled with 10-25nL of latex microspheres 
(Lumafluor Retrobeads, Durham, NC) and injected into the IC over 5-10 minutes using a 
Nanoliter 2000 injection system (World Precision Instruments, Sarasota, FL). To allow for 
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retrograde transport of the beads from the IC (Figure 4.1 C) to the layer 5 and layer 6 
corticocollicular neurons in the auditory cortex (Figure 4.1 E), animals were allowed to survive 
for >3 days prior to sacrifice. For animals receiving thalamic nucleus injections, at least 2 weeks 
prior to IC injections, animals were injected with 10-25nL of the AAV2 construct of AAV-
CaMKIIa-hChR2(H134R)-mCherry (ChR-2) virus into the MGB (Figure 4.1 D) resulting in robust 
expression in thalamocortical afferents (Figure 4.1 F). 
To obtain slices, we deeply anesthetized each animal by intraperitoneal injection of ketamine 
hydrochloride (100mg/kg) and xylazine (3mg/kg) then transcardially perfused with an ice-cold 
high-sucrose cutting solution and quickly removed the brain. Once removed, the brain was set 
on a slide with line demarcations for 90o and 73o from the vertical, dorsal side up, with the 
Figure 4.1 
IC injection of latex beads and MGB 
injection of channelrhodopsin.  
(A) Latex beads are injected into the IC 
>3 days prior to experiment. (B) 
Channelrhodopsin-2 AAV is injected into 
the MGB >2.5 weeks prior to 
experiment. (C) IC injection site 
covering external cortex (ICex) and 
central nucleus (ICc). (D) Injection site 
of AAV-CaMKIIa-hChR2(H134R)-
mCherry showing labeled cells and 
radiating labeled axons. (E) Layer 5 
and layer 6 corticocollicular neurons 
are filled with latex beads after 
retrograde transport. (F) After 2.5 
weeks channelrhodopsin is robustly 
expressed in the MGB with afferents 
projecting to the auditory cortex. 
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midline aligned with the vertical line. The olfactory bulb and approximately 2mm of tissue from 
the rostral end of the brain were removed to create a flat surface for the subsequent cut. The 
brain was then placed on the newly cut face, rostral end down, again aligning the midline of the 
brain with the vertical demarcation and the top of the brain with the horizontal. A double 
angled cut was then performed at 17o from the horizontal (73o from the vertical with respect to 
midline plane) and a 60o deviation from the coronal plane such that tissue was removed in 
greater quantities from the right and caudal ends of the brain (Figure 3.1 A). Thalamocortical 
slices (300μm) (Cruikshank et al., 2002; Llano et al., 2014; Slater et al., 2015) were cut using a 
vibrating tissue slicer (Figure 3.1 B), transferred to a holding chamber containing oxygenated 
incubation aCSF, and incubated at 32°C for 1 hour prior to recording.  
Whole-cell recordings were obtained using a visualized slice setup outfitted with infrared-
differential interference contrast optics, fluorescent illumination for identification of labeled 
cells (Figure 4.1 E), and performed at 22°C. We used the Multiclamp 700B amplifier (Axon 
Instruments, Sunnyvale, CA) and pClamp software (Molecular Devices) for data acquisition, and 
data were acquired at 20kHz. Borosilicate glass capillary tubes were pulled to obtain recording 
pipettes, which were then filled with intracellular recording solution (in mM 117.0 CsOH, 117.0 
Gluconic acid, 11.0 CsCl, 1.0 MgCl2*6H20, 0.07 CaCl2, 11.0 EGTA, 10.0 HEPES).  
Photostimulation 
A UV laser (355nm wavelength, frequency-tripled Nd:YVO4, 100-kHz pulse repetition rate; DPSS 
Lasers, San Jose, CA) was used for these experiments. Laser power was adjusted using an 
acousto-optical modulator (Gooch and Housego, Ilminster, United Kingdom). The laser was 
directed into the side port of an Olympus microscope (BX51WI) using a series of UV-enhanced 
aluminum mirrors (Thorlabs, Newton, NJ) and a pair of mirror galvanometers (Cambridge 
Technology, Cambridge, MA). It was then passed through a 400nm long pass filter, dichroic 
mirror, to allow for laser stimulation as well as visualization of fluorescently labeled cells. The 
laser beam was focused onto the brain slice with a low-magnification objective (4× 0.13NA 
infinity corrected Plan, Olympus) and used to uncage glutamate at 25mW as measured using a 
broadband power/energy meter (CVI Melles Griot, Rochester, NY). We used 1ms pulses 
controlled by the acousto-optical modulator to obtain a series of traces corresponding to 
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glutamatergic responses at each point in the 30x30 grid. Later experiments used the same 
parameters to stimulate labeled channelrhodopsin-expressing fibers and terminals. Ideally, 
ChR-2 excitation should be performed at 488nm; however the dichroic mirror necessary for use 
of a 488nm laser does not allow for visualization of the red fluorescent latex beads used to 
visualize back-labeled corticocollicular neurons. Therefore, we used a UV laser, which we (and 
others (Petrof et al., 2015)) have found to robustly activate ChR-2, given the long short-
wavelength tail of the ChR-2 absorption spectrum (Figure 4.2).  
We performed intracellular recordings from retrograde labeled corticocollicular (Figure 4.1 E) 
neurons in the primary auditory cortex in a whole-cell configuration. Once a cell was 
successfully patched, we used Prairie View software (Bruker) to obtain input maps. A 30x30 grid 
of points with 25µm spacing was placed either over the thalamus for uncaging experiments or 
the cortex for later channelrhodopsin-based experiments. We then recorded the thalamic 
inputs to the patched corticocollicular cell. Each grid of laser stimulation points was stimulated 
a minimum of two times, first with the neuron held at 10mV to record inhibitory inputs, and 
then while the neuron was held at -60mV to record excitatory inputs. Similar parameters to 
glutamate uncaging were used for channelrhodopsin stimulation, which has been shown in 
previous studies to robustly activate labeled fibers (Petreanu et al., 2007; Petreanu et al., 2009; 
Cruikshank et al., 2010). We used the same 30x30 grid spread over the cortex around the 
labeled cell and similar paradigms to assess excitatory and inhibitory inputs. In a subset of these 
recordings, to test whether these cells receive monosynaptic thalamocortical inputs, 2µM TTX 
was added to the circulating aCSF.  
Laser Map Analysis 
Figure 4.2 
Activation spectrum of Channelrhodopsin-2 
Activation spectrum of Channelrhodopsin-2 (blue) 
and the normalized current output with stimulation 
at a range of different wavelengths. 
Adapted from (Zhang et al., 2007) 
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Electrophysiological analyses were performed with Clampfit followed by further analysis in 
custom written MATLAB software. Responses to stimulation were characterized by a change of 
three standard deviations above baseline. Baseline noise was computed as the average of the 
200ms preceding the laser stimulus. We use a Gaussian kernel to spatially smooth the data. 
Using the custom MATLAB software, traces were then unshuffled and heat maps were created 
using total charge transfer (in nanocoulombs (nC)), which were calculated by using the area 
under the curve. Statistical analysis for paired and unpaired data was performed with Wilcoxon-
Mann-Whitney signed rank for paired data and Mann-Whitney U test, for unpaired data. A χ2 
test was used for binary data, testing for monosynaptic thalamocortical input in TTX. 
Results 
A major advantage of the thalamocortical slice is retention of some connectivity between the 
thalamus and the cortex (Figure 4.3). Preliminary experiments with glutamate uncaging via 
laser photostimulation of the MGB elicited both inward and outward currents in identified layer 
5 and layer 6 corticocollicular neurons suggesting the presence of both excitation and inhibition 
derived from thalamic stimulation (Figure 4.3, top right). Only responses that exceeded 3 
standard deviations about the calculated baseline noise were used for analysis. However, with 
these analysis parameters, very few stimulation sites in the MGB produced any synaptic 
responses in corticocollicular neurons (Figure 4.3 B and C). Interestingly the points that elicit 
excitation and inhibition are spatially close to each other, likely due to those areas of the 
thalamus having intact projections to the cortex. The MNI-glutamate driven responses we 
observe require that the pathway between the MGB and the auditory cortex remains intact 
(Figure 4.3 A). Because we are using 300µm slices obtained from adult mice, we are unable to 
consistently capture the entire pathway. This inability to retain full connectivity will greatly 
underrepresent any input from the thalamus, direct or indirect. Consequently, while glutamate 
uncaging via laser photostimulation is a robust method for assessing local circuitry, it is 
inadequate for certain long range circuitry applications in vitro. In addition to requiring an 
intact pathway, use of glutamate uncaging does not allow assessment of direct versus 
polysynaptic thalamic input to the corticocollicular neurons. The methods used in the previous 
chapter to dissect intrinsic versus synaptic inputs are unusable because the use of glutamate to 
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record thalamic inputs into the cortex requires cells in the thalamus to spike, followed by 
synaptic transmission to thalamorecipient cortical neurons. As such, another method for 
assessing thalamocortical input is necessary to be able to distinguish whether the input is 
mono- or polysynaptic.  
 To address these shortfalls in glutamate uncaging, we used channelrhodopsin to label 
thalamocortical fibers. We injected AAV-CaMKIIa-hChR2(H134R)-mCherry virus (AAV2) into the 
MGB, to label the thalamic afferents. This viral construct contains a general neuronal promoter 
for expression in neuronal populations and a fluorescent tag, mCherry, for rapid identification. 
Figure 4.3 
Glutamate uncaging in the thalamus.  
(A) A 30x30 grid of points is stimulated in the thalamus while recording from a layer 5 
corticocollicular cell. This generated both excitatory and inhibitory currents from the same point 
reflected in the traces. (B) Inhibitory input map of glutamate uncaging over the MGB. (C) Excitatory 
input map of glutamate uncaging responses in the MGB. Note there are only a few sporadic 
clusters of responses. Purple arrows indicate laser stimulation. 
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Use of channelrhodopsin allows more robust mapping of the thalamic input to the 
corticocollicular neurons. The resultant maps of thalamocortical input will show the cortical 
distribution of thalamic input. Channelrhodopsin has been utilized previously in this manner to 
map long range projections (Petreanu et al., 2007; Petreanu et al., 2009; Cruikshank et al., 
2010). As activation of channelrhodopsin at the synapse will cause a release of 
neurotransmitter without requirement of the activation of voltage gated sodium channels, we 
can examine corticocollicular neurons for evidence of direct thalamic input by blocking 
polysynaptic input with TTX (Petreanu et al., 2009; Ji et al., 2016). 
We mapped the input responses from retrograde labeled corticocollicular neurons in both 
layers 5 and 6 (n=5 in each layer) using a 30x30 grid that covered much of the cortex (Figure 4.4 
A, left). We obtained both excitatory and inhibitory currents (Figure 4.4 A, right). Using custom 
MATLAB software, we generated input maps for both inhibitory currents (Figure 4.4 B and D) 
and excitatory currents (Figure 4.4 C and E) in layer 5 and layer 6 corticocollicular neurons.  
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 All input data are presented as mean ± standard deviation, and were calculated by subtracting 
the stimulation charge transfer from the baseline charge transfer over 200ms. We found that 
layer 5 corticocollicular neurons receive significantly more direct thalamic input than layer 6 
corticocollicular neurons. Inhibition was larger in layer 5 corticocollicular neurons at 260 ± 90nC 
Figure 4.4 
Mapping thalamic inputs to corticocollicular neurons. 
(A) Experimental design, a grid of 30x30 points is placed over much of the cortex. A laser is then 
used to stimulate channelrhodopsin while the corticocollicular neuron is held at 10mV and -60mV. 
(B) Example of inhibitory input distribution to a layer 5 corticocollicular neuron. Note there is more 
inhibition caudal to the neuron. (C) Example of excitatory input distribution to a layer 5 
corticocollicular neuron. (D) Example of inhibitory input distribution to a layer 6 corticocollicular 
neuron. Similar to the example in (B), there is more inhibition caudal to the neuron. (E) Example of 
excitatory input distribution to a layer 6 corticocollicular neuron. Scale bar is the same for B-E. 
78 
 
(SD) (Figure 4.5 B) versus 45.7 ± 60nC (SD) in layer 6 corticocollicular neurons (Figure 4.5 D) 
(p=0.003, Mann-Whitney U test). Similarly, excitation was larger in layer 5 corticocollicular 
neurons 86.4 ± 62nC (SD) (Figure 4.5 A) compared to 19.2 ± 15nC (SD) in layer 6 corticocollicular 
neurons (Figure 4.5 C) (p=0.02, Mann-Whitney U test). In some cases, the excitation in layer 5 
corticocollicular neurons was strong enough to elicit an action potential (Figure 4.4 A, right).   
Figure 4.5 
Average channelrhodopsin mediated thalamic input to layer 5 and layer 6 corticocollicular 
neurons. 
(A) Average excitatory thalamic input map in layer 5 corticocollicular neurons. (B) Average 
inhibitory thalamic input map in layer 5 corticocollicular neurons. (C) Average excitatory thalamic 
input map in layer 6 corticocollicular neurons. (D) Average inhibitory input map in layer 6 
corticocollicular neurons. Data are presented as ranging from 0 (blue) to 5 (red) standard 
deviations above noise. Scale is the same for all images. 
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We also find the inputs derived from thalamic stimulation in this study gave much larger 
average charge transfer in comparison to the MNI-glutamate uncaging responses examined in 
the previous chapter (Figure 3.2 B). Average MNI-glutamate driven excitation in layer 5 
corticocollicular neurons was 2.44 ± 1.18nC (SD), whereas the average from channelrhodopsin 
mediated thalamocortical innervation was 86.4 ± 62nC (SD) (n=8 MNI-glutamate, n=5 ChR-2, p = 
0.002, Mann-Whitney U test). MNI-glutamate driven inhibition in layer 5 corticocollicular 
neurons was 3.88 ± 2.48nC (SD) versus 260 ± 90nC (SD) from channelrhodopsin (n=8 MNI-
glutamate, n=5 ChR-2, p = 0.002, Mann-Whitney U test). Layer 6 corticocollicular inputs show 
the same differences, with MNI-glutamate driven excitation 1.90 ± 1.23nC (SD) compared to 
thalamic driven excitation of 19.2 ± 15nC (SD) (n=8 MNI-glutamate, n=5 ChR-2, p = 0.002, 
Mann-Whitney U test). Layer 6 MNI-glutamate driven inhibition was 4.68 ± 4.38nC (SD) versus 
45.7 ± 60nC (SD) for layer 6 thalamic driven inhibition (n=8 MNI-glutamate, n=5 ChR-2, p = 0.01, 
Mann-Whitney U test). From these data, it is apparent that both layers of interest receive direct 
thalamic input, and that this input is greater than that generated from the local cortical inputs 
in our preparation. However, it is unclear whether these thalamic inputs are mono- or poly-
synaptic.  
Previous studies have shown a monosynaptic thalamocortical input to infragranular layers of 
the cortex (Viaene et al., 2011a; Constantinople and Bruno, 2013; Ji et al., 2016). Therefore, we 
wished to know whether this was the case for corticocollicular neurons as well. It has been 
previously shown that short latencies and jitters are hallmarks of monosynaptic connections 
(Doyle and Andresen, 2001; Karayannis et al., 2007). Initially to assess whether layer 5 and layer 
6 corticocollicular neurons receive a monosynaptic input, we used the data generated from the 
mapping experiments to measure latency and jitter.  It has been previously shown that 
channelrhodopsin activation distal to the soma has longer latencies than channelrhodopsin 
activation proximal to the soma (Petreanu et al., 2009). Therefore, we used a 3x3 grid of 
adjacent points around the cell (75µm x 75µm), a subset of points from within the 30x30 
mapping grids, to generate latency and jitter information from each of the cells sampled. 
Latency was measured as the time between stimulation and ten percent of the peak rise time 
of the current. Jitter was calculated as the standard deviation of the latency.  
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We found that both layer 5 (n = 5) and layer 6 (n = 5) corticocollicular neurons receive input 
from channelrhodopsin labeled fibers shortly after stimulation. Layer 5 corticocollicular neurons 
had shorter latencies with an average of 2.66 ± 0.31ms (SD) versus layer 6 corticocollicular 
neurons 3.04 ± 0.90ms (SD) (n=5 in each layer, p = 0.02, Mann-Whitney U test). Similarly, the 
jitter of the response was smaller in layer 5 corticocollicular neurons 0.31ms (SD) compared to 
layer 6 corticocollicular neurons 0.90ms (SD) (n = 5 in each layer, p = 0.02, Mann-Whitney U 
test). These short responses are indicative of monosynaptic excitation, particularly in layer 5; 
the data are less clear in layer 6 (Figure 4.6 A and C) due to the longer latency and larger jitter. 
We also examined the latencies and jitters for inhibitory responses. Our results were consistent 
with the expectation that inhibitory responses are polysynaptic. We showed that the inhibitory 
latencies were longer than the excitatory responses and had significantly more jitter. Inhibitory 
latencies were significantly longer in layer 5 corticocollicular neurons at 4.77 ± 1.15ms (SD) 
compared to excitatory latencies 2.66 ± 0.31ms (SD) (n = 5 p = 0.003 Mann-Whitney U test). 
Layer 5 also had larger jitter 1.15ms for inhibitory responses versus 0.31ms for excitatory 
responses (n=5, p = 0.009, Mann-Whitney U test). Layer 6 corticocollicular neurons, similarly, 
had longer latencies for inhibitory responses 3.91 ± 1.42ms (SD), compared to excitatory 
responses 3.04 ± 0.90ms (SD) (n=5, p = 0.05 Mann-Whitney U test). There was a trend for the 
jitter in layer 6 corticocollicular neurons to be larger for inhibitory currents: 1.42ms for 
inhibitory compared to 0.90ms for excitatory currents (n=5, p = 0.09 Mann-Whitney U test). The 
short latencies and low jitter for the layer 5 corticocollicular neurons are indicative of 
monosynaptic responses (Doyle and Andresen, 2001; Karayannis et al., 2007), however, the 
longer latency and jitter of layer 6 corticocollicular neurons are less conclusive for determining 
whether the input is monosynaptic.  
To address the ambiguity of whether layer 5 and layer 6 corticocollicular neurons receive 
monosynaptic inputs, in a subset of experiments we used 2µM TTX to completely block voltage 
gated sodium channels.  Using TTX has been shown to limit polysynaptic propagation (Petreanu 
et al., 2009; Ji et al., 2016) by restricting input to only fibers in contact with a postsynaptic cell. 
We found that both layer 5 and layer 6 corticocollicular neurons receive direct thalamic input, 
as determined by the ability of channelrhodopsin to produce an EPSC at least 3SD above 
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baseline noise calculated using the first 200ms of the trace, in the presence of 2µM TTX in the 
circulating aCSF. Layer 5 corticocollicular neurons receive direct input from the thalamus more 
often than layer 6 corticocollicular neurons. We found direct input as measured in the presence 
of 2µM TTX in all (n = 11) layer 5 corticocollicular neurons that we tested (Figure 4.6 B). We 
found fewer layer 6 corticocollicular neurons received direct input (n = 5/13) (χ2 = 8.25 
p=0.004).  
While the latency and jitter data previously generated here for thalamocortical input onto 
corticocollicular neurons are indicative of monosynaptic responses, these data in previous 
studies were generated with electrical stimulation (Doyle and Andresen, 2001). It is unclear 
Figure 4.6 
Direct inputs from the thalamus to corticocollicular neurons. 
A. Layer 5 jitter from excitatory and inhibitory input from stimulating the same point. B. An example 
of the same stimulation point generating excitatory input onto a layer 5 corticocollicular neuron pre 
and post TTX. C. Layer 6 latency and jitter from excitatory and inhibitory input from stimulating the 
same point. D. The same input point after 2µM TTX. (Scale bars for A and C, B and D are the same) 
Purple arrows indicate laser stimulus. 
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whether these data are relatable to studies with channelrhodopsin as the kinetics for synaptic 
transmission may differ. Previous studies using channelrhodopsin to assess monosynaptic 
responses (Petreanu et al., 2007; Petreanu et al., 2009; Ji et al., 2016), have not directly 
compared latency and jitter in pre- and post TTX conditions. To address this, we repeatedly 
stimulated a single point activating channelrhodopsin causing an EPSC in an identified layer 5 
corticocollicular neuron. We then added 2µM TTX to the aCSF and repeated the single point 
stimulation. We subsequently compared the latencies and jitter for the pre- and post-TTX 
conditions (n=5). We did not find a significant difference in either the latencies in pre-TTX 2.41 
± 0.19ms (SD) pre- versus 2.24 ± 0.24ms (SD) post-TTX (n=5, p = 0.55 Wilcoxon signed rank test), 
or the jitter 0.19ms pre- versus 0.24ms post-TTX (p = 0.31 Wilcoxon signed rank test). 
Discussion 
An update to the canonical model of the cortex 
The canonical model of the cortex states that sensory inputs from the thalamus are primarily 
received by layer 4 neurons. From layer 4, sensory information propagates to layer 2/3 and 
then is directed to layer 5 and 6 (Figure 4.7 A) (Gilbert and Wiesel, 1979; Callaway, 2004; 
Douglas and Martin, 2004; Feldmeyer, 2015). This canonical model is heavily based upon 
anatomical observations of the major axonal terminations of the relevant populations. The 
largest innervation of the thalamocortical projection terminates in layer 4 of the cortex. These 
layer 4 thalamorecipient neurons then project to layer 2/3. The layer 2/3 neurons in turn have a 
major projection into the infragranular layers 5 and 6 (Gilbert and Wiesel, 1979; Feldmeyer et 
al., 2013; Feldmeyer, 2015). However, there are non-canonical thalamocortical projections to 
neurons outside of layer 4, and there has been an increase in the number of studies examining 
these projections (Mitani et al., 1985; Agmon and Connors, 1992; Cruikshank et al., 2010; Zhou 
et al., 2010; Viaene et al., 2011a, b; Constantinople and Bruno, 2013; Ji et al., 2016). Using a 
variety of methods, the extent of the non-canonical thalamic projection has been characterized 
in sensory areas of the mouse cortex in vitro (Cruikshank et al., 2010; Viaene et al., 2011a; 
Smith et al., 2012; Krause et al., 2014; Ji et al., 2016), and in one case, in vivo (Constantinople 
and Bruno, 2013). These studies have also shown that direct thalamic input actually extends to 
cells throughout the cortex (Figure 4.7 B).  
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Constantinople and Bruno performed in vivo whole cell recordings of neurons throughout the 
barrel cortex in a sedated rat (Constantinople and Bruno, 2013). They found that layer 5 and 
layer 6 excitatory post synaptic potential (EPSP) latencies elicited by sensory input (whisker 
deflection) often occurred before those in layer 2/3, suggesting that the sensory input to the 
layer 5 and 6 is not relayed by layer 2/3. In some cases, they even found that layer 5 and 6 
neurons had EPSP and spike latencies shorter than those found in layer 4, the canonical 
thalamorecipient layer, suggestive of direct thalamic input to layer 5 and 6. To confirm that 
these EPSPs and spikes were directly driven by the thalamus, they paired intracellular 
recordings in the cortex with juxtacellular recordings in the thalamus. They then evaluated the 
likelihood that a spike in the thalamus would elicit an EPSP in the cortex. From these paired 
recordings, they found that nearly half of the aligned thick-tufted layer 5 neurons had 
monosynaptic connections with the thalamus. Furthermore, this input is not from innervation 
in layer 4 of layer 5 dendrites because when layer 4 was silenced with lidocaine the authors still 
observed thalamic input to layer 5. This indicates that the thalamic innervation is below layer 4, 
likely at the soma.  
A recent study from Ji et al. used channelrhodopsin to label the thalamocortical fibers 
projecting into the auditory and visual cortices. Whole cell electrophysiological recordings were 
then performed in vitro on unidentified excitatory cells throughout the cortex. They found that 
while layer 4 had the largest EPSCs, all cells had direct thalamocortical inputs with similar 
average latencies (between 1.5 and 2ms), consistent with Constantinople and Bruno’s findings. 
All recordings for channelrhodopsin mediated thalamocortical stimulation were done in TTX. Ji 
et al found that the currents elicited with channelrhodopsin in layer 5 excitatory neurons were 
larger than the minimum threshold for spiking in the same population of neurons in TTX free 
conditions (Ji et al., 2016). 
Thalamocortical innervation of corticofugal neurons. 
Investigators in the previous studies recorded from unidentified neurons in the cortex. It is 
therefore unclear if the unidentified infragranular neurons that receive direct thalamic input 
(Figure 4.7 B) in turn project to lower brain centers. A single study has assessed whether pre-
identified corticofugal neurons receive direct thalamic input (Yang et al., 2014). This study in 
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the somatosensory system showed that layer 6 corticothalamic neurons do receive direct 
thalamocortical input. The investigators used electrical stimulation of the thalamocortical fibers 
and recorded in prelabeled corticothalamic neurons. To show that the input the neurons 
receive is synaptic, the authors took advantage of the quantal nature of vesicle release in 
synaptic transmission. One can determine whether a response is synaptic because with minimal 
stimulation parameters, defined by a 50 percent response failure rate, in the recorded cell it 
will give an all or none response. With these parameters, the authors observed all or none 
responses indicating that they are getting a synaptic response. Yang et al found similar average 
latencies 2.52ms and jitter 0.17ms to our findings in layer 5, 2.41ms average latency and 0.19 
average jitter. While this study is the only work to address direct input of the thalamus into 
identified cell types, there are a number of issues with their experimental approach. First, 
electrical stimulation can cause antidromic activations which to completely rule out the authors 
would have needed to test for spike collisions. Second, electrical stimulation still requires and 
intact pathway from the stimulation point to the recorded cell. Lastly, electrical stimulation of 
white matter afferents will not differentiate between the fibers en passant, therefore the 
authors will be unable to identify the origin of the input. Our work presented here is the first 
evidence in the auditory system that there is a direct connection between the ascending 
projections and the descending projections, our use of ChR2 allows for the definitive 
determination of monosynaptic thalamocortical input to corticocollicular neurons. 
In agreement with previous studies, we also find that cortical neurons receive larger inhibitory 
than excitatory currents after thalamocortical excitation. This suggests that similar to previous 
studies (Cruikshank et al., 2002; Cruikshank et al., 2010; Liu et al., 2011; Ji et al., 2016), 
inhibitory inputs dominate over excitatory inputs. Because the inhibitory inputs are necessarily 
disynaptic, the inhibition will be delayed compared to the excitation. This is reflected in our 
latency data, with inhibitory currents having almost double the latency of excitatory inputs to 
layer 5 corticocollicular neurons. After thalamic stimulation, we found that both layer 5 and 
layer 6 corticocollicular neurons overall receive more inhibition than excitation. It is likely that 
this large inhibitory input plays a role in shaping the response properties of these neurons, as 
strong inhibition following excitation is important for temporal sharpening of neuronal 
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responses (Llano and Feng, 2000; Zhang et al., 2003; Wu et al., 2008; Runyan et al., 2010; Liu et 
al., 2011). 
The role of inhibition shaping neuronal responses 
We also found, analogous to our glutamate uncaging experiments, that the thalamic inputs to 
the corticocollicular neurons are anisotropic (Figure 4.4 C and E). As mentioned in the previous 
chapter, other studies have found unbalanced inhibition and excitation in terms of the 
topography. Inhibitory input is used to refine excitatory input by shaping individual neuronal 
responses to sound. Unbalanced inhibition can asymmetrically shape the tuning curve of a 
neuron, such that its tuning curve responds preferentially to higher or lower frequency ranges 
(Wu et al., 2008). This has also been shown in the visual system in terms of space or orientation 
(Liu et al., 2011; Tan et al., 2011). The unbalanced input that these cells receive could be a 
product of the pattern of thalamic innervation of inhibitory interneurons, allowing neurons that 
receive similar excitatory thalamic input to respond differently depending on the inhibition 
received. This pattern of disparate responses in nearby neurons is seen in the frequency tuning 
of neighboring layer 2/3 neurons using in vivo calcium imaging (Bandyopadhyay et al., 2010). 
This study also showed that even those cells with similar inputs responded differently to a 
single auditory stimulus. The non-overlapping nature (compare Figure 4.4 B to C, D to E) of 
excitation and inhibition from thalamic inputs to the corticocollicular neurons may allow the 
thalamus to play a larger role in shaping the descending outputs than previously realized. 
Furthermore in corticocollicular neurons, we have observed unbalanced inhibition in both their 
cortical inputs as well as thalamic inputs. This observation gives a mechanism for both the 
cortex and the thalamus to play a role in shaping the tuning properties of corticocollicular 
neurons. The interaction of these two inputs from thalamus and cortex will then determine the 
output of the corticocollicular projection in the IC. This output of this projection has been 
shown to change the tuning properties of neurons in the IC (Zhang et al., 1997; Zhang and Suga, 
2000; Ma and Suga, 2001; Suga and Ma, 2003; Nodal et al., 2008; Suga et al., 2011). As such, 
the corticocollicular neurons are a nexus, combining both thalamic and local cortical 
information. This descending projection will then in turn influence tuning properties of IC 
neurons (Figure 4.7 C). 
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Descending projections and the sensory efferent copy 
It remains an open question what functional role these infragranular thalamocortical 
projections play. In this work, we found that single point thalamocortical activations were 
strong enough to elicit action potentials in layer 5 corticocollicular neurons, but not layer 6 
corticocollicular neurons. The ability to drive spiking in a postsynaptic cell is one of the primary 
features of a driving input, as the presynaptic information (action potentials) will be reflected in 
the postsynaptic cell (Sherman and Guillery, 1998).  As such, we will consider that 
thalamocortical inputs can be considered a driving input to layer 5 corticocollicular neurons. As 
shown previously in chapter 2, a subset of layer 5 corticocollicular neurons are intrinsic bursting 
neurons. These intrinsic bursting neurons have large terminals at their postsynaptic targets 
(Sherman and Guillery, 2002; Llano and Sherman, 2008) commensurate with the idea that they 
too are drivers of lower centers (Theyel et al., 2010).  
This sequence of driving input may provide a mechanism for copies of sensory information to 
be routed to lower structures (Sherman and Guillery, 2001). This would allow for comparison of 
incoming sensory input to prior sensory input, which is rapidly relayed to lower structures from 
these layer 5 intrinsic bursting neurons. It is therefore possible that this output from the layer 5 
intrinsically bursting neurons is an “efference copy”, which is relevant to the coordination of 
information. The typical idea of the efferent copy is that a copy of sensory input is relayed to 
motor brain structures. This copy is then used to coordinate the sensory information with 
behavioral output. The most common occurrence of this is the ability of the brain to prevent 
motion artifacts when the eyes make a saccade. This ability has been postulated to arise from 
efferent copies of the motor signal of the eye muscles being coordinated with their resulting 
change in the visual field (Bridgeman, 1995). If efference copies are necessary for coordination 
of information, then they are probably made in many locations throughout the brain. In the 
auditory system, efference copies could be used for coordination of previous and current 
information. The circuitry described in this work (Figure 4.7 C) would provide a pathway for 
information coordination that could be used for prediction or comparison and therefore crucial 
for sensory processing, and ultimately in processing of speech (Miller et al., 1951). 
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Figure 4.7 
Updating the cortical circuit model 
(A.) The canonical cortical model where input is received from the thalamus by layer 4 and 
sequentially distributed to other cortical layers. (B) An updated model of the cortex where all 
layers receive direct thalamic input. (C) Our proposed model, where both layer 5 and layer 6 
corticocollicular neurons receive direct thalamocortical input. We find a direct interaction of the 
ascending pathway and the descending pathway with thalamocortical afferents directly 
innervating layer 5 and layer 6 corticocollicular neurons. We observed that the MGB is a driving 
input to layer 5 corticocollicular neurons, but not layer 6 corticocollicular neurons, even though 
there are direct inputs to both layers. We also find that layer 5 and layer 6 corticocollicular 
neurons receive spatially segregated inhibition from thalamic and cortical inputs (Figure 4.5 B 
and D, Figure 3.3 B and D). 
Green arrows indicate excitation and red lines indicate inhibition. Arrow sizes reflect strength of 
input.  
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 
The work presented here has attempted to shed some light on the cortical cells in layers 5 and 
6 that make up the auditory corticocollicular projection. In these studies, we have assessed the 
biophysical properties of these cells, their inputs from local cortical circuitry, and their inputs 
from the MGB. It is our hope that this work provides a springboard for future research to 
understand how ascending and descending pathways interact in the brain. 
Earlier studies of the corticocollicular system have shown that this projection plays a major role 
in the tuning properties of the IC (Zhang et al., 1997; Gao and Suga, 2000; Zhang and Suga, 
2000; Ma and Suga, 2001; Suga and Ma, 2003; Bajo and Moore, 2005; Bajo et al., 2007; Bajo et 
al., 2010; Nodal et al., 2010; Bajo and King, 2012). This functional work has been followed by 
further anatomical characterization of the neurons that make up the projections, identifying 
neurons in both layer 5 and layer 6 (Coomes et al., 2005; Schofield and Coomes, 2005; 
Schofield, 2009). With these studies, there is a gap in the information about the 
corticocollicular projection. There is little known about the biophysical properties of these cells 
and the inputs they receive, and thus, the nature of their role in connecting the sensory 
information in the cortex to their output in the IC. 
Defining and understanding the biophysical properties of neurons is a crucial initial step to 
understand the role they may play in the auditory system. As such, the first portion of the work 
in the characterization of the corticocollicular system was the assessment of the biophysical 
properties of the layer 5 and layer 6 neurons that make up the projection to the IC. To identify 
the neurons in the corticocollicular projection, we injected the IC of mice with a retrograde 
tracer and performed whole cell electrophysiological analyses.  
As a result of this work, we found that layer 5 corticocollicular cells are quite similar to neurons 
found in the corticothalamic pathway. They have similar input resistance, resting membrane 
potentials, and spiking characteristics. Furthermore, there are two populations of layer 5 
corticocollicular neurons, identifiable by their different spiking characteristics: those that 
exhibit regular spiking and those that are intrinsically bursting (Figure 2.2 A and C). The subset 
of corticocollicular cells that are intrinsic bursting cells share common morphology with other 
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layer 5 intrinsic bursting neurons found throughout the cortex (White et al., 1994; Hefti and 
Smith, 2000; Llano and Sherman, 2009). We have shown that the layer 5 corticocollicular 
neurons are large pyramidal neurons with a thick apical dendrite, and extensive arborizations 
near the pia (Figure 2.6 A-D).  
The layer 6 cells in the corticocollicular projection are distinct from other previously identified 
cells in the cortex. They are dissimilar in location and cellular morphology to many previously 
characterized layer 6 neurons throughout the cortex (Schofield and Coomes, 2005; Coomes 
Peterson and Schofield, 2007; Schofield, 2009). These cells have a non-pyramidal morphology 
and extensive arborizations, sometimes covering multiple cortical columns or even extending 
from the very bottom of layer 6 to the pia (Figure 2.6 E-H). We found two different spiking 
characteristics, regular spiking neurons and onset neurons. With their unique morphology, 
these layer 6 corticocollicular cells are unlike any others previously identified in the cortex. 
Along with the characterization of the morphology and spiking properties of the layer 5 and 
layer 6 corticocollicular neurons, we also identified differences in their complement of cation 
channels. We confirmed that similar to previously characterized intrinsically bursting neurons 
(Connors et al., 1982; Friedman and Gutnick, 1989; Markram and Sakmann, 1994; Franceschetti 
et al., 1995; Larkum et al., 1999), layer 5 corticocollicular bursting properties are due to the 
presence of a calcium current. The bursting nature of these neurons is abolished when calcium 
is removed (Figure 2.4 B), but returns with the replenishment of calcium in the aCSF (Figure 2.4 
C).  
Layer 5 corticocollicular neurons also have a significant inward rectifying (Ih) current (Figure 2.5 
B), as compared to layer 6 corticocollicular neurons (Figure 2.5 C). In many cases, this current 
can elicit an action potential when the neuron is in the process of returning to baseline after an 
injection of negative current (Figure 2.5 A, top). This current has been shown to be a 
contributing factor to the persistent neuronal activity found in the cortex (Robinson and 
Siegelbaum, 2003). The Ih current may also be highly relevant to the summation of input 
currents (Winograd et al., 2008), as it changes the space constant of the cell. This is particularly 
noticeable when this current is eliminated (Figure 2.5 B).  
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We then undertook the characterization of local cortical inputs to layer 5 and layer 6 
corticocollicular neurons. The development of caged neurotransmitters (Wilcox et al., 1990) has 
allowed for a more sophisticated examination of the local circuitry, which was previously 
unobtainable. The introduction of glutamate uncaging has allowed for wide scale computer 
controlled mapping of inputs, driven by glutamate, that has revolutionized the methodology for 
repeated and spatially distributed focal stimulation (Callaway and Katz, 1993). We used a 
combination of retrograde labeling, single cell recording, and glutamate uncaging via laser 
photostimulation to assess the local circuitry of layer 5 and layer 6 corticocollicular neurons. 
Distinguishing between direct and synaptic inputs was performed with two methods, and the 
results of each method were compared. The time window method has been commonly utilized 
to analyze synaptic inputs (Dantzker and Callaway, 2000; Shepherd et al., 2003; Callaway, 2004; 
Zarrinpar and Callaway, 2006; Barbour and Callaway, 2008; Yu et al., 2008; Shepherd, 2012), 
which relies on a bimodal distribution of input latencies, and a low calcium trace subtraction 
method, which has recently been presented as an alternate method (Llano and Sherman, 
2009). With the data found in this work we show that layer 5 and layer 6 corticocollicular 
neurons receive different local inputs for both excitation and inhibition. Along with 
characterization of corticocollicular inputs, we posit that the low calcium aCSF trace subtraction 
method yields synaptic input maps that more accurately reflect the circuit. 
In this second set of studies, we used the auditory thalamocortical brain slice (Cruikshank et al., 
2002; Slater et al., 2012; Llano et al., 2014; Slater et al., 2015), which was developed from a 
modification of the somatosensory thalamocortical brain slice (Agmon and Connors, 1991). We 
elected to use this brain slice preparation over the more commonly used coronal orientation. 
This preparation captures multiple frequency representations due to the orientation of the 
brain slice (Figure 3.1 C) as opposed to the coronal orientation, which captures an isofrequency 
band. Some of the synaptic input results we observed differ from previous studies (Dantzker 
and Callaway, 2000; Schubert et al., 2001; Briggs and Callaway, 2005; Yu et al., 2008; Llano and 
Sherman, 2009) possibly due to our use of the auditory thalamocortical brain slice. 
Similar to the previous work characterizing the biophysical properties of corticocollicular 
neurons, injections of retrograde tracers were made into the IC of adult mice. After allowing 
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time for the corticocollicular neurons to retrogradely transport the tracer, we obtained 
thalamocortical brain slices. Again, whole cell patch clamp recordings were obtained, this time 
from sequential pairs of corticocollicular neurons. We used MNI-glutamate coupled with a UV 
laser to uncage glutamate a series of points throughout the cortex, allowing us to map the 
inputs to layer 5 and layer 6 corticocollicular neurons. We assessed both inhibitory and 
excitatory currents, holding the neuron at 10mV to isolate inhibitory currents and then near the 
reversal potential for chloride at -60mV to obtain excitatory currents.  
We compared the contribution of each cortical layer’s inhibitory inputs to layer 5 and layer 6 
corticocollicular neurons. We also evaluated whether layer 5 and layer 6 neurons receive 
unbalanced inhibition. We defined unbalanced inhibition, for the purposes of the study, as 
receiving more inhibition from either the left or the right half of the points sampled. In this 
portion of the study, we found that layer 5 corticocollicular neurons receive more inhibition 
than layer 6 corticocollicular neurons from every cortical layer except from cortical layer 6. 
Layer 6 corticocollicular neurons receive more input than layer 5 corticocollicular neurons from 
their home layer. We also found that both layer 5 and layer 6 corticocollicular neurons receive 
more inhibitory input from one side when their inputs are split in half and compared. This 
feature of anisotropic inhibition may explain both tonotopic bias seen in some in vivo 
recordings (Wu et al., 2008), as well as FM sweep selectivity (Suga, 1965; Tian and Rauschecker, 
1994; Zhang et al., 2003; Trujillo et al., 2011).  
For the excitatory inputs, we compared two methods of parsing out synaptic responses versus 
direct responses. This was done using the information they yield when comparing the 
excitatory synaptic inputs to layer 5 and layer 6 corticocollicular neurons from individual 
cortical layers. The first of the two methods we compare is a time window method that relies 
on the bimodal distributions of recorded inputs; it classifies the earlier window as direct input 
and the later as synaptic (Shepherd et al., 2003; Briggs and Callaway, 2005; Barbour and 
Callaway, 2008; Yu et al., 2008; Shepherd, 2012; Hooks et al., 2013). These studies typically use 
5ms as the cutoff for differentiating between direct and synaptic input. Previously, using the 
time window method, unidentified layer 5 neurons have been shown to receive a majority of 
their excitatory input from the supragranular layers (Yu et al., 2008). However, of note, in all of 
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these studies, input local to the cell is lost (see Figure 2 C-E (Yu et al., 2008)). The second 
method, which attempts to address this downfall, utilizes biological means to differentiate 
direct versus synaptic input. Llano and Sherman developed a technique which subtracts the 
direct responses, which are isolated in a low calcium aCSF, from the total excitatory response, 
thereby computing the synaptic inputs (Llano and Sherman, 2009). This technique has a major 
advantage over the time window method because it does not ignore the responses proximal to 
the cell. Using this method, the authors found that the majority of excitatory synaptic input to 
layer 5 and layer 6 corticothalamic neurons is close to the soma, with layer 5 corticothalamic 
neurons receiving more supragranular input than layer 6 corticothalamic neurons (Figure 11 
(Llano and Sherman, 2009)). 
Using the low calcium trace subtraction method, we again found similar results in layer 5 
corticocollicular excitatory inputs when compared to layer 5 corticothalamic neurons. Layer 5 
corticocollicular neurons receive the majority of their inputs from layer 4. This finding may 
represent local inputs proximal to the axonal hillock. Layer 5 neurons also receive a smaller but 
significant input from the supragranular layers 2/3. Layer 6 corticocollicular neurons receive 
significant local cortical input from their home layer. We found no difference in input between 
layer 5 or layer 6 corticocollicular neurons in terms of the percentage of cortical input they 
receive from either layer 5 or layer 1. As expected, we found similar results with the time 
window method for most cortical input. The major difference between the two methods was 
the inability of the time window method to capture the significant input originating in layer 4 
arriving on layer 5 corticocollicular neurons (Figure 3.6).  
In a study using channelrhodopsin to assess cortical inputs to layer 5 neurons have shown that 
there is a significant input proximal to the soma (Petreanu et al., 2009), and that these currents 
can occur with latencies shorter than 5ms. Also in this study, the authors also use a layer 5 
neuron labeled with channelrhodopsin to assess the timing of currents elicited in the dendrites 
being reflected at the soma. They find that these currents can take more than 5ms to reach the 
soma. Given these two complementary facts, we propose that the low calcium trace 
subtraction method is a more robust method to capture synaptic inputs using glutamate 
uncaging via laser photostimulation. It will both capture synaptic inputs local to the soma and 
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correctly classify long latency direct inputs to distal dendrites. There are methodological 
drawbacks using the low calcium trace subtraction method, requiring mapping for excitatory 
inputs to be run twice, extending the time and increasing the amount of MNI-glutamate 
required. We argue that these drawbacks are heavily outweighed by the benefits of more 
accurate data.  
The recent identification of the extent of thalamocortical input to the infragranular layers of the 
cortex (Viaene et al., 2011; Smith et al., 2012; Constantinople and Bruno, 2013; Ji et al., 2016), 
led us to hypothesize that there are infragranular thalamocortical input to corticocollicular 
neurons. We used an adeno-associated virus to deliver channelrhodopsin to the MGB. This 
virus anterogradely labels infected neurons with channelrhodopsin as well as a fluorescent 
reporter. We combine this with retrograde injections of a fluorescent tracer into the IC to allow 
us to measure the nature and extent of thalamic input into the corticocollicular projection.  
To do this, we used a laser to stimulate channelrhodopsin labeled thalamocortical fibers. We 
found that there is significant thalamocortical input into both layer 5 and layer 6 
corticocollicular neurons. Layer 5 corticocollicular neurons received more input than layer 6 
corticocollicular neurons, however both received broad inputs from multiple layers of the 
cortex (Figure 4.5). Both layer 5 and layer 6 corticocollicular neurons received more inhibitory 
input from thalamic stimulation than excitatory input, as measured by comparison of the 
charge transfer. 
Similar to the MNI-glutamate uncaging experiments, in some cases corticocollicular neurons 
received anisotropic inhibitory input (Figure 4.4 B and D). Inhibition has been shown to play a 
major role in the tuning properties of neurons, shaping the frequency, timing, and intensity 
tuning (Casseday et al., 1994; Lee et al., 1994; Wehr and Zador, 2003; Wu and Yan, 2007; Wu et 
al., 2008). It is therefore possible that the thalamocortical projection plays a significant role in 
modulation of the tuning properties of corticocollicular neurons. Along with the earlier MNI-
glutamate studies showing broad inhibitory input, indicates both the thalamus and the cortex 
to have a role in shaping the output of the corticocollicular projection. 
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Once it was determined that corticocollicular neurons receive thalamic input, we assessed 
whether this input was monosynaptic. Using the information generated from the mapping 
experiments, we calculated latency and jitter of the thalamocortical responses. We found that 
both layer 5 and layer 6 corticocollicular neurons received thalamocortical driven excitation 
within 5ms of the stimulus. The jitter of thalamocortical excitatory responses in layer 5 neurons 
was consistent with monosynaptic responses found in previous studies (Doyle and Andresen, 
2001; Karayannis et al., 2007). Jitter found in layer 6 corticocollicular neurons was longer than 
in layer 5, and therefore less definitive for determining whether thalamocortical input to layer 6 
was monosynaptic.  
Unlike other methods such as electrical or glutamate stimulation, the use of channelrhodopsin 
allows for the use of biological methods to limit synaptic transmission for identification of only 
monosynaptic responses. It has been shown in previous studies that in the presence of TTX, 
postsynaptic currents can be measured when presynaptic fibers, impregnated with 
channelrhodopsin, are activated (Petreanu et al., 2009; Ji et al., 2016). Using this feature, we 
were able to directly assess whether corticocollicular neurons receive a monosynaptic input 
from the MGB. Indeed, both sets of neurons receive monosynaptic input. In the presence of 
TTX we found that every layer 5 corticocollicular neuron assessed had monosynaptic input, but 
only about a third of the layer 6 corticocollicular neurons had monosynaptic input. We also 
calculated latency and jitter in pre- and post-TTX conditions to determine whether these are 
appropriate measures of monosynaptic input in this preparation. We found no difference in the 
latency and jitter of the thalamocortical input to layer 5 corticocollicular neurons as measured 
in normal aCSF compared to those measured in the presence of TTX.  
With this set of studies we have characterized the biophysical properties of corticocollicular 
neurons, examined their local cortical inputs, and assessed their input from the MGB. We found 
that layer 5 intrinsically bursting corticocollicular neurons have many similar properties to those 
neurons described in previous studies in terms of their anatomy, biophysical properties, and 
their inputs (Stafstrom et al., 1984; Games and Winer, 1988; Hübener and Bolz, 1988; Chagnac-
Amitai et al., 1990; Deschênes et al., 1994; Kasper et al., 1994; Hefti and Smith, 2000; Hattox 
and Nelson, 2007; Yu et al., 2008; Llano and Sherman, 2009; Constantinople and Bruno, 2013).  
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Layer 6 corticocollicular neurons, on the other hand, are strikingly dissimilar to many previously 
characterized layer 6 neurons (Llano and Sherman, 2009). In particular, their extensive 
arborizations frequently extend from the base of layer 6, where their somata reside, to the pia 
or to an adjacent cortical column. Our characterization of the inputs to layer 6 has shown that 
with focal glutamate stimulation we were unable to record an input when stimulating some of 
the distal dendrites. This leads to an obvious question: what purpose do these large 
arborizations serve? One potential conclusion may be that these dendrites require coordinated 
inputs for the postsynaptic events to be reflected at the cell body. As such, one major avenue of 
experimentation to further characterize layer 6 corticocollicular neurons would be to assess the 
nature of dendritic currents one can elicit with different stimulations. One approach to begin to 
probe the effect of stimulation of distal dendrites, would be by utilizing two photon imaging 
coupled with an intracellular calcium indicator to assess the spread of current in the dendrite 
(Yuste and Denk, 1995; Callaway and Yuste, 2002; Fino et al., 2009; Crandall and Cox, 2012). 
Once a cell was filled with calcium indicator, glutamate stimulation would be used to stimulate 
dendritic processes progressively further from the soma to assess the maximum distance a 
current will travel. Further, with two photon imaging of the calcium indicator, the distance a 
current travels from stimulation of distal points on the dendrite could be measured. Using the 
information gathered from these experiments, further hypotheses and experiments could be 
generated to assess the function of extensive arborizations found in layer 6 corticocollicular 
neurons.  
One of the most powerful aspects of channelrhodopsin in the exploration of neuronal circuitry 
is the ability to label particular subsets of neurons using genetic targeting. However, this 
approach requires the subset of neurons in question to be previously genetically identified, 
which has not been done on many neuronal subsets including layer 6 corticocollicular neurons. 
Recently a subset of layer 6 cortical neurons has been genetically identified as subplate neurons 
containing Cplx-3 (Viswanathan et al., 2016). The authors found that these neurons reside in a 
similar area to the layer 6 corticocollicular neurons, and that these cells have axons that project 
to lower structures. The first step would be to determine whether these genetically identified 
subplate neurons overlap with layer 6 corticocollicular neurons. If they overlap, mice with 
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channelrhodopsin labeled layer 6 corticocollicular could be produced using a genetically driven 
subplate specific Cplx3-Cre mouse line coupled with a channelrhodopsin reporter. Using 
retrograde labeling, layer 6 corticocollicular neurons could be identified exclusively. The 
extensive dendritic arborizations of the layer 6 corticocollicular neurons could be activated 
more robustly than local glutamate stimulations. This experimental paradigm may provide the 
parameters necessary to understand the necessary stimulation to transmit input from layer 6 
corticocollicular distal dendrites to the soma. 
In both MNI-glutamate cortical stimulation as well as ChR-2 thalamocortical stimulation 
experiments, we observed anisotropic inhibition (Figure 3.4A and Figure 4.4 B, D respectively). 
In the preparation that we use, we cannot identify the inhibitory interneuron subtypes that 
might be responsible for this observation. It is also unclear which subtypes of interneurons are 
responsible for the major sources of inhibitory input. Many interneurons subtypes have been 
genetically identified and mouse Cre-driver lines have been generated, allowing these mice to 
be bred with channelrhodopsin reporter mice to generate mice with identified interneuron 
subtypes such as parvalbumin, somatostatin, and vasointestinal peptide positive interneurons. 
Using these mice with identified interneuron subtypes, the relative contribution as well as 
spatial distribution of inhibitory input to corticocollicular neurons could be assessed using an 
experimental paradigm similar to that used earlier in this work to assess thalamocortical inputs 
to layer 5 and layer 6 corticocollicular neurons.  
These future studies would continue to explore the nature of the corticocollicular projection. 
The first study outlined would further characterize the extensive dendritic arborization of layer 
6 corticocollicular neurons in terms of single point stimulation and the effect of a given 
postsynaptic input. The second study would yield further information on the parameters 
necessary for dendritic inputs to be reflected in the soma which as of now is poorly understood. 
Lastly, the third proposed experiment seeks to understand the observation of anisotropic 
inputs we have observed in both local cortical input as well as thalamocortically driven input. 
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